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Abstract	  
This	   thesis	   presents	   a	  musculoskeletal	  model	   that	   predicts	   the	  muscle	   and	   joint	   forces	   in	   the	  
upper	   limb	   during	   an	   extreme	   activity.	   The	   scapula	   is	   an	   important	   link	   in	   the	   kinematic	   and	  
dynamic	   chain	   of	   the	   upper	   limb;	   with	   its	   muscles	   acting	   as	   the	   primary	   stabilisers	   to	   the	  
inherently	  unstable	  glenohumeral	  joint,	  thus	  allowing	  effective	  transmission	  of	  load	  through	  the	  
kinematic	   chain	   of	   the	   shoulder.	   This	   bone	   is	   poorly	   represented	   in	   musculoskeletal	   models	  
during	   these	   activities.	   Large	   soft-­‐tissue	   artefacts	   are	   a	   key	   reason	   for	   this.	   The	   shoulder	   is	  
particularly	  prone	  to	  injury	  in	  overhead	  activities	  of	  the	  upper	  limb.	  Heavily	  loaded	  activities	  in	  
these	  positions	  are	  of	  interest	  because	  they	  represent	  a	  limit,	  in	  that	  few	  people	  are	  capable	  of	  
performing	  them.	  Pull-­‐ups	  are	  a	  common	  training	  activity	  that	  involve	  the	  movement	  of	  a	  large	  
load	  with	  the	  arms	  overhead.	  Predicting	  the	  forces	  involved	  in	  such	  an	  activity	  allows	  a	  testing	  
of	  current	  model	  limits	  and	  hypotheses	  on	  the	  function	  and	  biomechanics	  of	  the	  scapula.	  
A	  novel	  methodology	  to	  track	  the	  dynamically	  moving	  scapula	  is	  validated	  using	  motion	  capture	  
technology.	   This	  method	   is	   shown	   to	   improve	  measurement	   accuracy	  when	   compared	   to	   the	  
literature.	   Kinematics	   of	   the	   scapula	   and	   upper	   limb	   are	   thus	   measured,	   presented	   and	  
discussed	   for	   three	   types	   of	   pull-­‐up	   activity.	   The	   modelling	   aspects	   of	   the	   work	   build	   on	   a	  
previous	   upper	   limb	   model,	   primarily	   adapting	   the	   kinematics	   representation.	   This	   better	  
respects	  the	  measured	  kinematics	  through	  a	  relaxation	  of	  the	  closed-­‐chain	  mechanism	  as	  well	  
as	   improving	   the	   ability	   to	   non-­‐homogeneously	   scale	   the	   model.	   The	   inverse	   dynamics	  
description	  is	  modified	  to	  allow	  a	  variable	  hand	  load,	  muscle	  wrapping	  parameters	  and	  changed	  
to	  prevent	  sudden	  unphysiological	  changes	  in	  moment	  arms	  and	  muscle	  bounds	  are	  increased	  
to	  allow	  equilibrium	  to	  be	  reached	  with	  the	  inter-­‐segmental	  moments.	  
Musculoskeletal	   loads	   are	   thus	   presented	   using	   a	  model	   that	   allows	   the	   dynamic	   analysis	   of	  
extreme	  activities.	  Eccentric	  loading	  of	  the	  supraspinatus,	  deltoid	  and	  triceps	  was	  found	  to	  exist	  
in	   potentially	   vulnerable	   positions,	   coinciding	  with	   a	   high	   incidence	   of	   impingement	   injury	   in	  
pull-­‐up	  type	  activities.	  The	  glenohumeral	  joint	  reaction	  force	  is	  seen	  to	  be	  more	  centralised	  with	  
a	  general	  increase	  in	  rotator	  cuff	  activation,	  although	  teres	  major	  and	  posterior	  deltoid	  seem	  to	  
be	  key	  stabilisers.	  Pectoralis	  major	  was	  detrimental	  to	  stability,	  highlighting	  the	   importance	  of	  
the	  scapula	  in	  positioning	  muscles	  during	  overhead	  activities.	  Comparison	  of	  model	  predictions	  
with	  literature	  EMG	  results	  show	  good	  agreement.	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This	  chapter	  describes	  the	  motivations	  and	  aims	  of	  the	  work	  presented	  in	  this	  thesis,	  and	  then	  





The	   scapula	   of	   the	   shoulder	   is	   the	   base	   of	   the	  movement	   and	   the	   load	   transmission	   for	   the	  
whole	   upper	   limb.	   Like	   the	   pelvis	   for	   the	   lower	   limb,	   the	   scapula	   has	   multiple	   muscle	  
attachments	  connecting	  to	  the	  torso	  and	  then	  linking,	  in	  this	  case,	  to	  the	  humerus	  of	  the	  upper	  
arm.	  The	  scapula	  has	  more	  muscle	  attachments	   than	  any	  other	   in	   the	  shoulder.	  The	  shoulder	  
complex	  has	   a	   very	   large	   range	  of	  motion.	   This	  necessitates	   an	  unusual	  mechanical	   construct	  
where	  the	  clavicle	  acts	  as	  a	  strut	  around	  which	  the	  scapula	  rotates	  close	  to,	  and	  sometimes	  in	  
contact	  with,	  the	  surface	  of	  the	  thorax.	  The	  highly	  mobile	  but	  inherently	  unstable	  glenohumeral	  
joint	   then	   links	   the	   scapula	   to	   the	  humerus.	  Muscles	  attached	   to	   the	   scapula	  are	   the	  primary	  
stabilisers	  of	  this	  joint.	  The	  provision	  of	  a	  stable	  joint	  allows	  the	  effective	  transmission	  of	  large	  
loads	  generated	   in	   the	   torso	  and	   lower	   limb	  through	  the	  kinematic	  chain	  of	   the	  shoulder	  and	  
into	  the	  terminal	  segment.	  
The	  shoulder	  is	  particularly	  prone	  to	  injury	  in	  overhead	  activities	  of	  the	  upper	  limb.	  Pull-­‐ups	  are	  
a	  commonly	  used	  training	  activity	  relevant	  to	  a	  number	  of	  sports	  that	  are	  also	  prone	  to	  shoulder	  
injury.	  They	  involve	  the	  movement	  of	  a	  large	  load	  with	  the	  arms	  overhead	  and	  exploring	  a	  full	  
range	  of	  motion.	  Heavily	   loaded	  activities	   across	   the	   range	  of	  motion	  are	  of	   interest	  because	  
they	   represent	   a	   limit;	   in	   that	   few	   people	   are	   capable	   of	   performing	   them	   due	   to	   the	   large	  
muscle	  forces	  required	  over	  a	  large	  range	  of	  motion	  in	  order	  to	  actuate	  the	  joints	  of	  the	  upper	  
limb.	  Hence	   this	   activity	   is	   useful	  when	   analysing	   current	  modelling	   techniques	   as	  well	   as	   for	  
testing	  hypotheses	  on	  the	  function	  and	  biomechanics	  of	  the	  scapula.	  The	  large	  range	  of	  motion	  
is	  significant	  for	  the	  optimisation	  of	  measured	  kinematics	  and	  in	  the	  muscle	  wrapping	  methods,	  
while	   the	   high	   loads	   are	   challenging	   for	   the	   load-­‐sharing	   optimisation	   and	   the	   joint	  moment	  
equilibriums.	  
1.2 Aims	  
The	  aims	  of	  this	  thesis	  were	  therefore	  to:	  
-­‐ Determine	   how	   these	   extreme	   athletic	   tasks	   are	   achieved,	   both	   kinematically	   and	  
dynamically	  




-­‐ Highlight	  potential	  injury	  risks	  in	  these	  types	  of	  activity,	  both	  through	  the	  presentation	  of	  
kinematics	  and	  of	  muscle	  loading,	  joint	  loading	  and	  joint	  stability	  
-­‐ Understand	  the	  effect	  of	  different	  modelling	  assumptions	  and	  measurement	  difficulties	  
on	  the	  quantification	  of	  these	  muscle	  forces	  
-­‐ Test	  the	  limits	  of	  model	  abilities	  and	  thus	  highlight	  areas	  requiring	  further	  work	  
These	  aims	  are	  achieved	  firstly	  by	  developing	  a	  suitable	  measurement	  technique	  to	  determine	  
the	  scapula	  kinematics	  in	  these	  activities.	  The	  kinematics	  of	  the	  pull-­‐up	  are	  then	  measured	  with	  
this	   technique,	   using	   intra-­‐subject	   repeatability	   as	   an	   indicator	   of	   the	   reliability	   of	   the	  
measurement	  technique.	  An	  existing	  musculoskeletal	  model	   is	  also	  further	  developed	  to	  allow	  
appropriate	   analysis	   of	   a	   highly	   loaded	   overhead	   task.	   This	   allows	   comprehensive	   analysis	   of	  
segment	   scaling	   and	   kinematics	   optimisation,	   muscle	   wrapping,	   muscle	   force	   bounds	   and	  
sensitivities	   to	   these	  modelling	  methods,	  and	  scapula	  kinematics.	  Predicted	  muscle	   forces	  are	  
then	  presented	  from	  this	  model	  with	  muscle	  forces,	  joint	  stability	  and	  joint	  loading	  discussed	  in	  
general	  and	  in	  individual	  cases.	  
1.3 Thesis	  outline	  
This	  thesis	  is	  divided	  into	  eleven	  chapters.	  
Chapter	  2:	  Anatomy	  and	  Essential	  Concepts	  describes	  the	  osseous	  and	  soft-­‐tissue	  anatomies	  of	  
the	  upper	  limb	  and	  details	  some	  essential	  concepts	  such	  as	  calculation	  of	  Euler	  angle	  rotations	  
and	  the	  definition	  of	  standardised	  coordinate	  frames.	  This	  chapter	  provides	  the	  reader	  with	  the	  
basic	   concepts	   to	   allow	   a	   detailed	   exploration	   of	   kinematics	   and	   dynamics	   concepts	   in	   the	  
subsequent	  chapters.	  
Chapter	   3:	   Upper	   Limb	   Kinematics	   Review	   is	   a	   literature	   review	   that	   critically	   describes	   the	  
current	  methods	   for	  measuring	   joint	   rotations	   in	   the	   upper	   limb.	   The	   effects	   of	   loading	   and	  
speed	   on	   these	   rotations	   are	   also	   described.	   This	   review	   identifies	   that	   advances	   in	  
measurement	  methods	  need	  to	  be	  utilised	  in	  additional	  validation	  of	  dynamic	  scapula	  tracking	  
methods.	  
Chapter	  4:	  Upper	  Limb	  Musculoskeletal	  Modelling	  Review	  is	  a	  literature	  review	  of	  the	  current	  
methods	   in	   musculoskeletal	   modelling	   of	   the	   upper	   limb.	   The	   practical	   uses	   of	   models	   are	  
described.	  Accuracy	  of	  model	  inputs,	  modelling	  techniques	  and	  model	  sensitivity	  forms	  the	  main	  
technical	   review.	   Trends	   in	   shoulder	   modelling	   are	   highlighted	   and	   future	   directions	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recommended;	  particularly	   the	  need	  for	   increased	  subject	  specificity	   in	   terms	  of	  segment	  and	  
muscle	  parameters	  as	  well	  as	  in	  measured	  kinematics	  and	  the	  way	  that	  they	  are	  optimised	  for	  
use	  in	  models.	  
Chapter	   5:	   Skin-­‐fixed	   Scapula	   Tracking	   tests	   two	   skin-­‐fixed	   scapula-­‐tracking	   devices	   by	  
comparison	  to	  a	  palpation	  technique	  in	  a	  dynamic	  activity.	  This	  work	  aims	  to	  utilise	  optimised	  
device	   placements	   and	   examine	   optimal	   calibration	   positions.	   One	   device	   is	   found	   to	   be	   a	  
significantly	   more	   accurate	   measure.	   In	   addition,	   the	   position	   of	   calibration	   is	   shown	   to	  
considerably	   affect	  measurement	   accuracy	  when	   an	   optimal	   calibration	   position	   is	   identified.	  
The	  chapter	  thus	  describes	  a	  methodology	  that	  allows	  measurement	  of	  the	  scapula	  kinematics	  
in	  a	  dynamic	  overhead	  activity.	  
Chapter	   6:	   Kinematics	   of	   Pull-­‐ups	  presents	  a	  novel	  dataset	   that	  describes	   the	  external	   forces	  
and	   kinematics	   of	   the	   shoulder	   complex	   during	   three	   pull-­‐up	   activities.	   Intra-­‐subject	  
repeatability	   is	   shown	   to	   be	   good	  with	   similar	   patterns	   emerging	   in	   the	   subjects	   tested.	   The	  
three	   pull-­‐up	   techniques	   exhibit	   significantly	   different	   kinematics,	   indicating	   the	   presence	   of	  
different	  muscle	  recruitment	  strategies.	  Areas	  for	  further	  dynamic	  analysis	  are	  highlighted	  that	  
will	  provide	  insight	  into	  the	  mechanics	  behind	  the	  kinematics	  differences	  presented	  and	  muscle	  
stress	  in	  positions	  of	  injury	  risk.	  
Chapter	  7:	   Scaling	  and	  Kinematics	  Optimisation	   introduces	  and	  tests	  a	  methodology	  to	  apply	  
measured	  kinematics	  to	  a	  scaled	  musculoskeletal	  model.	  The	  scaling	  of	  the	  thorax	  is	  novel	  in	  its	  
consideration	   of	   the	   scapula	   position.	   A	   close	   agreement	   between	   optimised	   and	   measured	  
kinematics	   is	  shown	  to	  be	  within	  measurement	  errors,	   in	  contrast	   to	  previous	  methods	   in	  the	  
literature.	  However,	  separation	  of	  the	  medial	  border	  of	  the	  scapula	  from	  the	  thorax	  is	  a	  concern	  
and	   the	   reasons	   for	   this	   separation	  are	  discussed.	   Sensitivity	   to	   changes	   in	   joint	   kinematics	   is	  
analysed	  through	  a	  change	   in	   the	  model’s	  kinematic	  constraints.	  This	  sensitivity	  highlights	   the	  
importance	  of	  subject-­‐specific	  kinematics	  and	  particularly	  their	  effect	  on	  muscle	  moment	  arms	  
as	  opposed	  to	  joint	  moments.	  
Chapter	  8:	  Musculoskeletal	  Modelling	  of	  Extreme	  Activities	  further	  develops	  a	  musculoskeletal	  
model	  to	  deal	  with	  highly	  loaded	  overhead	  activities.	  The	  moment	  arms	  that	  were	  shown	  to	  be	  
of	   key	   importance	  are	   compared	   to	   literature	   values	   to	  determine	   if	   they	  exhibit	   appropriate	  
action	  at	  extreme	  ranges.	  Errors	  in	  muscle	  paths	  that	  occur	  through	  the	  use	  of	  a	  shortest	  path	  
algorithm	  with	  geometric	  shapes	  are	  first	  corrected	  using	  via	  points	  and	  multi-­‐object	  wrapping.	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The	  need	  for	  increased	  muscle	  upper	  bounds	  is	  also	  illustrated	  and	  the	  effect	  of	  lower	  bounds	  
on	  muscle	   recruitment	   strategies	   is	   explored.	   Thus	  Chapters	   7	   and	  8	  describe	   a	  methodology	  
that	  allows	  the	  prediction	  of	  muscle	  forces	  in	  a	  highly	  loaded	  overhead	  activity.	  	  
Chapter	  9:	  Muscle	  Forces	  During	  Pull-­‐ups	  presents	  the	  predicted	  muscle	  forces	  in	  three	  pull-­‐up	  
activities.	   Clear	   differences	   are	   seen	   in	   the	   predicted	   recruitment	   patterns	   across	   the	   three	  
activities.	  These	  differences	  result	   in	  significant	  eccentric	   loading	  of	  muscles	  that	  are	  prone	  to	  
injury	  in	  some	  cases.	  Glenohumeral	  instability	  is	  also	  observed	  in	  some	  activities	  and	  the	  effects	  
of	   the	   modelling	   constraints	   at	   this	   joint	   are	   examined	   with	   conclusions	   drawn	   about	   the	  
muscles	   responsible	   for	   correcting	   these	   instabilities.	   The	   role	   of	   the	   scapula	   position	   and	   its	  
rotations	   in	  effecting	   the	  recruitment	  strategies	  are	  presented	  and	  discussed,	  as	  are	   the	  ways	  
that	  this	  position	  is	  controlled.	  Comparison	  to	  EMG	  measurements	  of	  a	  similar	  activity	  and	  joint	  
reaction	  forces	  in	  loaded	  dynamic	  tasks	  give	  promising	  results.	  This	  goes	  some	  way	  to	  verify	  the	  
predicted	   muscle	   forces	   and	   thus	   the	   discussion	   of	   the	   modelling	   assumptions	   and	   the	  
biomechanics	  of	  the	  shoulder	  in	  an	  extreme	  activity.	  	  
Chapter	  10:	  Sensitivity	  Analysis	  of	  Force	  Input	  tests	  the	  measurement	  of	  the	  external	  force	  at	  
the	  hand	  with	  the	  use	  of	  multiple	  force	  plates.	  The	  effects	  are	  seen	  to	  be	  small	   in	  the	  vertical	  
and	   anterior/posterior	   directions	   compared	   to	   the	   joint	   moments	   required.	   However,	   the	  
introduction	   of	   a	   lateral	   force	   has	   a	   larger	   effect.	   The	   consideration	   of	   this	   force	   is	   thus	  
recommended	   in	   future	   work,	   although	   the	   forces	   used	   in	   this	   thesis	   still	   give	   a	   reasonable	  
description.	  
Chapter	  11:	  Conclusions	  and	  Future	  Work	  provides	  a	  summary	  of	  the	  outcomes	  of	  the	  work	  in	  
the	  thesis,	  discusses	  the	  limitations	  of	  that	  work	  and	  suggests	  future	  directions	  both	  in	  terms	  of	  
the	   detail	   of	   the	   thesis,	   but	   also	   more	   broadly	   in	   terms	   of	   musculoskeletal	   dynamics	   of	   the	  









Chapter	  2 	  
Anatomy	  and	  essential	  concepts	  
	  
	  
The	   first	   chapter	   in	   this	   thesis	   introduces	   essential	   concepts	   and	   current	   challenges	   in	   the	  
description	   and	   analysis	   of	   the	   biomechanics	   of	   the	   upper	   limb.	   This	   includes	   the	   clinical	  
terminology	  used	  to	  describe	  the	  body	  and	  its	  motions,	  the	  anatomy	  of	  the	  upper	  limb	  complex	  
and	  the	  mathematics	  involved	  in	  describing	  relative	  joint	  movements.	  




The	  shoulder	  complex	  has	   the	   largest	   range	  of	  motion	  of	  any	  articulation	   in	   the	  human	  body.	  
This	  is	  due,	  in	  part,	  to	  the	  fact	  that	  the	  complex	  is	  comprised	  of	  four	  separate	  articulations.	  The	  
glenohumeral	   joint	  (GH)	   is	  essentially	  a	   loose	  ball	  and	  a	  socket	   joint	  that	  provide	  much	  of	  this	  
range	  of	  motion	  at	  the	  expense	  of	  stability.	  Muscles,	  passive	  structures	  and	  other	  mechanisms	  
provide	  the	  stability	  not	  given	  by	  a	  bony	  constraint	  such	  as	  in	  the	  hip	  joint.	  These	  muscles	  and	  
passive	  structures	  rely	  on	  the	  combined	  motion	  of	  the	  scapula	  and	  clavicle	  to	  act	  as	  a	  moveable	  
base	  for	  this	  joint	  –	  significantly	  increasing	  the	  range	  of	  motion	  when	  compared	  to	  that	  possible	  
with	  only	  a	  single	  articulation.	  The	  cone	  of	  circumduction	  shown	  in	  Figure	  2.1	  demonstrates	  this	  
large	  range	  of	  motion.	  	  
	  
Figure	  2.1:	  Cone	  of	  circumduction	  (Charlton,	  2003).	  
This	   large	  range	  of	  motion	  comes	  with	  a	  cost	   in	  that	  the	   load	  transmittal	  through	  the	   joints	   is	  
known	   to	   be	   high	   (up	   to	   70%	   body	   weight	   during	   hair	   combing;	   Westerhoff	   et	   al.,	   2009a),	  
transmitted	   by	   articular	   contact,	   passive	   stabilisers	   and	  muscle	   forces.	   The	   scapula	   has	   a	   key	  
role	  with	  18	  distinct	  muscle	   attachments,	  more	   than	  any	  other	  bone	   in	   the	  upper	   limb.	   Thus	  
modelling	  its	  movement	  and	  the	  muscles	  actions	  is	  vital	  to	  understand	  the	  function	  of	  the	  upper	  
limb.	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2.2 Clinical	  terminology	  
Some	  useful	  clinical	  terminology	  is	  introduced	  to	  allow	  clarity	  of	  communication	  throughout	  this	  
thesis.	   There	   are	   three	   fixed	   planes	   often	   discussed	   within	   the	   human	   body,	   each	   with	  
associated	   directions	   used	   to	   describe	   locations	   within	   the	   body	   and	   translations	   of	   body	  
elements	   (Figure	   2.2).	   The	   proximal	   and	   distal	   directions	   point	   along	   the	   appendages	   of	   the	  
body:	  proximal	  towards	  the	  thorax	  (or	  centre)	  and	  distal	  towards	  the	  extremities	  (Figure	  2.2).	  
	  
Figure	  2.2:	  Planes	  and	  anatomical	  directions	  in	  the	  human	  body	  (Edoarado,	  2011).	  
Motions	  of	  the	  upper	  limb	  relative	  to	  the	  thorax	  or	  any	  other	  proximal	  segment	  can	  be	  defined	  
in	  clinical	  terms	  (Figure	  2.3).	  
The	   movements	   of	   the	   arm	   can	   also	   be	   described	   in	   more	   general	   terms:	   elevation	   and	  
depression	  of	  the	  arm	  (Figure	  2.4).	  These	  descriptions	  are	  not	  specific	  to	  a	  plane	  and	  could	  also	  
be	   referred	   to	   as	   raising	   and	   lowering	   the	   arm	   around	   the	   shoulder.	   However,	   there	   is	   an	  
inherent	  link	  between	  this	  description	  and	  the	  use	  of	  the	  terms:	  azimuth,	  elevation	  and	  roll	  of	  
the	  arm.	  Azimuth	  refers	  to	  the	  plane	  of	  elevation	  of	  the	  arm,	  elevation	  the	  level	  of	  raising	  of	  the	  
arm	  in	  this	  plane	  and	  the	  roll	  the	  internal/external	  (axial)	  rotation	  of	  the	  arm	  (Figure	  2.4).	  These	  
terms	  are	  most	  commonly	  used	  when	  using	  a	  Y-­‐Z’-­‐Y’’	  type	  Euler	  sequence	  (described	  in	  Section	  
2.5).	  Descriptions	  of	  clavicle	  (Figure	  2.5)	  and	  scapula	  rotations	  (Figure	  2.6)	  relative	  to	  the	  thorax	  




Figure	  2.3:	  Descriptions	  of	  motions	  in	  the	  upper	  limb	  (Charlton,	  2003).	  Depression	  of	  the	  arm	  indicates	  a	  movement	  
of	  the	  upper	  arm	  towards	  the	  centre	  line	  of	  the	  body.	  
	  
Figure	  2.4:	  Representation	  of	  the	  descriptions	  of	  arm	  motion	  used	  in	  this	  thesis.	  The	  scapula,	  humerus	  and	  body	  are	  
viewed	  from	  anteriorly	  in	  the	  coronal	  plane.	  Depression	  is	  particularly	  referred	  to	  in	  this	  thesis	  given	  the	  motions	  
studied.	  This	  term	  refers	  to	  downward	  rotation	  of	  the	  arm	  in	  any	  plane,	  as	  illustrated.	  The	  opposite	  of	  this	  motion	  is	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Figure	  2.5:	  Description	  of	  the	  clavicle	  rotations	  with	  the	  position	  of	  clavicle	  shown	  in	  a	  superior	  and	  posterior	  view	  
of	   the	   thorax.	   Note	   that	   the	   rotations	   are	   described	   relative	   to	   a	   global	   frame	   that	   could	   be	   considered	   as	   the	  
thorax.	   However,	   in	  many	   kinematic	   conventions,	   the	   rotations	   are	   described	   relative	   to	   other	   joint	   coordinate	  
frames.	  An	  OpenSim	  representation	  of	  the	  Newcastle	  Shoulder	  Model	  is	  used.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  2.6:	  Descriptions	  of	  scapula	  rotations	  with	  the	  position	  of	  scapula	  shown	  in	  a	  posterior	  view	  of	  the	  thorax.	  
Note	  that	  the	  rotations	  are	  described	  relative	  to	  a	  global	  frame	  that	  could	  be	  considered	  as	  the	  thorax.	  However,	  in	  
many	   kinematic	   conventions,	   the	   rotations	   are	   described	   relative	   to	   other	   joint	   coordinate	   frames.	   OpenSim	  
















2.3 Anatomy	  of	  the	  shoulder	  
The	   shoulder	   complex	   is	   made	   up	   of	   the	   clavicle,	   scapula,	   rib	   cage	   and	   humerus.	   These	  
structures	  are	  shown	  in	  Figure	  2.7.	  
	  
Figure	  2.7:	  Structures	  of	  the	  shoulder	  and	  arm,	  from	  a	  posterior	  view	  (Marshall	  &	  Cuthbert,	  2010)	  .	  
2.3.1 Osseous	  anatomy	  
2.3.1.a Clavicle	  
The	   clavicle	   acts	   as	   a	   strut	   around	   which	   the	   shoulder	   complex	   rotates.	   There	   are	   7	  muscle	  
attachments	   on	   this	   bone:	   many	   of	   them	   relatively	   weak	   or	   portions	   of	   muscles	   with	   other	  
attachments	  (Gray,	  2008).	  There	  are	  also	  three	  ligament	  attachments,	  the	  conoid,	  trapezoid	  and	  
costoclavicular	  ligaments,	  that	  may	  be	  key	  in	  constraining	  the	  motion	  of	  the	  bone	  (Pronk,	  1991,	  
Cave,	  1961).	  The	  clavicle	  is	  important	  in	  supporting	  axial	   loads,	  particularly	  when	  the	  powerful	  
humerothoracic	   muscles	   like	   pectoralis	   major	   and	   latissimus	   dorsi	   are	   active	   and	   acting	   to	  
medially	  displace	  the	  shoulder	  complex.	  
The	  relative	  lengths	  of	  the	  bones	  in	  the	  upper	  limb,	  and	  in	  particular	  of	  the	  clavicle,	  are	  known	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reaction	   force	   at	   the	   SC	   joint	   (Teubner,	   Gerstenberger	  &	   Burgert,	   1991).	   A	   shortening	   of	   the	  
bone	  will	   also	   lead	   to	  altered	  kinematics	  of	   the	   shoulder	  girdle	   (Ledger	  et	  al.,	  2005,	  Charlton,	  
2003)	  as	  well	  as	  a	  reduction	  in	  shoulder	  strength	  (Ledger	  et	  al.,	  2005).	  
2.3.1.b Scapula	  
The	  scapula	  is	  a	  large	  thin	  triangular	  shaped	  bone	  that	  is	  well	  suited	  to	  carrying	  a	  large	  number	  
of	  muscle	  attachments	  due	  to	  its	  large	  surface	  area.	  The	  eighteen	  distinct	  muscle	  attachments	  
attest	   to	   this	   (Figure	  2.8;	  Gray,	  2008).	  The	  thick	  spine	   that	   runs	  medial	   to	   lateral	  on	   the	  bone	  
serves	  to	  increase	  the	  area	  available	  for	  muscle	  attachment	  –	  accommodating	  the	  trapezius	  and	  
posterior	  deltoid	  muscles.	  This	  spine	  also	  leads	  to	  the	  acromion	  at	  the	  lateral	  end	  that	  is	  the	  site	  
of	  attachment	  for	  the	  middle	  portion	  of	  the	  deltoid	  muscle.	  This	  structure	  and	  its	  position	  over	  
the	  glenohumeral	   joint	  acts	   to	   increase	   the	  moment	  arm	  of	   the	  muscle	  around	  this	   joint.	  The	  
acromion	  forms	  a	  roof	  under	  which	  the	  rotator	  cuff	  muscles	  pass.	  The	  space	  between	  the	  bone	  
and	  these	  muscles	  is	  small	  and	  the	  shape	  of	  this	  structure	  can	  affect	  the	  wear	  and	  contact	  with	  
these	  muscles,	  hence	  this	  area	  is	  a	  common	  injury	  site	  in	  the	  upper	  limb	  (Kibler,	  2006,	  Roberts	  
et	  al.,	  2002,	  Ludewig	  &	  Cook,	  2000,	  Bigliani	  et	  al.,	  1989).	  The	  variability	  in	  this	  structure	  and	  the	  
effects	  on	  musculoskeletal	  modelling	  are	  discussed	  in	  depth	  later	  in	  this	  thesis	  (Chapter	  7).	  
Another	  structure	  that	  protrudes	  from	  the	  scapula	  is	  the	  coracoid	  process.	  This	  structure	  is	  the	  
origin	   for	   two	   muscles	   and	   a	   ligament	   attachment.	   As	   with	   the	   acromion	   this	   protruding	  
structure	   is	   likely	   to	   improve	   the	   moment	   arms	   of	   these.	   In	   addition	   to	   the	   protruding	  
structures,	   the	  shape	  of	   the	  scapula	  as	  a	  whole	  allows	   the	  scapulothoracic	  muscles	  very	   large	  
moment	  arms	  around	  the	  SC	  and	  AC	  joints.	  These	  are	  up	  to	  15cm	  around	  the	  ventral/dorsal	  axis	  
of	  the	  SC	  joint	  as	  compared	  to	  6-­‐7cm	  for	  the	  muscles	  crossing	  the	  knee	  (Veeger	  &	  van	  der	  Helm,	  
2007).	   Muscles	   like	   teres	   major	   will	   also	   be	   allowed	   larger	   moment	   arms	   compared	   to	   an	  
attachment	  on	  a	  cylindrical	  bone	  (Figure	  2.8).	  
The	   glenoid	   is	   the	   articulating	   surface	   for	   the	   humeral	   head	   on	   the	   scapula	   (Figure	   2.8).	   The	  
surface	  is	  retracted	  by	  an	  average	  of	  4-­‐12°	  from	  the	  plane	  of	  the	  scapula	  (von	  Schroeder,	  Kuiper	  
&	  Botte,	  2001,	  Terry	  &	  Chopp,	  2000).	  This	  retraction,	  in	  conjunction	  with	  the	  scapula	  plane	  lying	  
around	  30-­‐45°	   from	   the	  coronal	  plane	  of	   the	  body	  and	   the	   retroverted	  humeral	  head	  aid	   the	  
large	  range	  of	  motion	  of	  the	  upper	  limb	  (Terry	  &	  Chopp,	  2000).	  The	  motion	  of	  the	  scapula	  is	  also	  
significant	  in	  providing	  this	  range	  of	  rotation,	  as	  well	  as	  maintaining	  the	  optimal	  lengths	  of	  the	  
muscles	  (Section	  2.4).	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The	   landmarks	   of	   the	   scapula	   are	   described	   in	   Figure	   2.8	   and	   will	   be	   used	   extensively	  
throughout	  this	  thesis.	  
	  
Figure	   2.8:	   Anterior	   and	   posterior	   views	   of	   the	   scapula	   with	   important	   bony	   landmarks	   and	   labelled	   muscle	  
attachments	  (Gray,	  2008).	  
2.3.1.c Humerus	  
The	   humerus	   is	   the	   longest	   and	   largest	   bone	   in	   the	   upper	   limb	   (Terry	   &	   Chopp,	   2000).	   An	  
approximately	   hemispherical	   articular	   surface	   is	   situated	   at	   the	   proximal	   end	   of	   the	   bone,	  
forming	   the	  humeral	  head.	  The	  angle	  of	   this	  head	   relative	   to	   the	   shaft	  of	   the	  bone	   is	  around	  
130-­‐150°	   and	   retroverted	   by	   26-­‐31°	   (Terry	   &	   Chopp,	   2000).	   This	   bone	   has	   12	   muscle	  
attachments	   along	   its	   length,	   with	   all	   the	   portions	   of	   the	   deltoid	   inserting	   into	   the	   Deltoid	  
Tuberosity.	   The	   long	   head	   of	   the	   biceps	   passes	   through	   the	   bicepitcal	   groove,	   splitting	   the	  
anterior	   portion	   of	   the	   proximal	   humerus	   into	   the	   greater	   and	   lesser	   tuberosity,	   but	   not	  
attaching	  to	  the	  humerus	  (Figure	  2.11).	  The	  greater	  tuberosity	  can	  fall	  very	  close	  to	  the	  acromial	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impingement	   injuries	  of	   the	   shoulder	   (Bey	  et	  al.,	  2007,	  Roberts	  et	  al.,	  2002,	   Ludewig	  &	  Cook,	  
2000).	  
2.3.2 Functional	  anatomy 
The	  three	  bony	  structures	  of	  the	  shoulder	  complex	  have	  been	  introduced:	  clavicle,	  scapula	  and	  
humerus.	   These	  articulate	   via	   four	   joints	   (Figure	  2.9).	   The	   thorax	   (rib	   cage)	   is	   also	  an	   integral	  
part	  of	  this	  anatomy,	  providing	  the	  origin	  of	  many	  of	  the	  muscles	  that	  control	  the	  complex.	  
 	  
Figure	  2.9:	  Bones	  and	  joints	  of	  the	  shoulder	  complex	  (Nucleus	  Medical	  Media	  Inc.,	  2012).	  
2.3.3 Sternoclavicular	  joint	  
The	   sternoclavicular	   joint	   (SC)	   connects	   the	   clavicle	   to	   the	   thorax	   via	   the	  manubrium	   (Figure	  
2.10).	   This	   joint	   is	   synovial,	   with	   saddle-­‐shaped	   articular	   surfaces	   and	   a	   small	   articular	   disc	  
(Moseley,	  1968).	  The	  costoclavicular	   ligament	  connects	   the	  clavicle	  and	   thorax,	  acting	   to	   limit	  
elevation	  of	   the	   clavicle	   (Pronk,	   van	  der	  Helm	  &	  Rozendaal,	   1993,	  Cave,	  1961).	  Past	   a	   certain	  
level	   of	   elevation	   the	   ligament	   becomes	   taught	   and	   acts	   as	   a	   fulcrum	   for	   rotations	   of	   the	  
clavicle.	   Translation	   of	   the	   sternal	   head	   of	   the	   clavicle	   allows	   further	   elevation	   that	   is	   finally	  
arrested	   by	   the	   superior	   fibres	   of	   the	   sternoclavicular	   capsule	   (Pronk,	   van	   der	   Helm	   &	  
Rozendaal,	   1993,	   Cave,	   1961).	   At	   extreme	   levels	   of	   humeral	   elevation,	   and	   thus	   clavicle	  
elevation	  (Sahara	  et	  al.,	  2007b),	   it	   is	  expected	  that	  the	  costoclavicular	   ligament	  would	  play	  an	  








estimates	  of	  strain	  in	  this	  ligament	  may	  be	  overestimated	  due	  to	  a	  shift	  in	  the	  effective	  rotation	  
centre	  of	  the	  joint	  at	  these	  positions	  (Pronk,	  van	  der	  Helm	  &	  Rozendaal,	  1993).	  
	  
Figure	  2.10:	  Anatomy	  of	  the	  sternoclavicular	  joint	  (Gray,	  2008).	  
2.3.4 Acromioclavicular	  joint	  
The	   acromioclavicular	   (AC)	   joint	   is	   also	   a	   synovial	   joint,	   with	   a	   small	   articular	   disc	   within	  
approximately	  planar	  surfaces	  (Kent,	  1971).	  The	  acromioclavicular	  ligaments,	  the	  Trapezoid	  and	  
Conoid,	  cross	  the	  acromioclavicular	   joint	  and	  contribute	  to	  the	   joint’s	  stability	   (Figure	  2.11).	   It	  
has	  been	  observed	  that	   the	  contributions	  of	   these	   ligaments	  differ	  depending	  on	  the	  position	  
and	   orientation	   of	   the	   bones	   (Fukuda	   et	   al.,	   1986).	   The	   trapezoid	   ligaments	   help	   constrain	  
posterior	  translation	  of	  the	  joint	  and	  reduce	  shearing	  (Sahara	  et	  al.,	  2007b,	  Sahara	  et	  al.,	  2006).	  
The	  Conoid	  ligament	  helps	  constrain	  the	  anterior	  and	  superior	  translations	  of	  the	  joints	  (Debski	  
et	  al.,	  2000,	  Pronk,	  van	  der	  Helm	  &	  Rozendaal,	  1993,	  Fukuda	  et	  al.,	  1986).	  This	  ligament	  also	  has	  
a	  large	  moment	  arm	  around	  the	  long	  axis	  of	  the	  clavicle	  and	  will	  thus	  counteract	  the	  moments	  
caused	  by	  the	  Deltoid	  and	  Trapezius	  (Pronk,	  van	  der	  Helm	  &	  Rozendaal,	  1993).	  The	  position	  of	  
the	  ligament	  may	  also	  constrain	  the	  clavicle	  to	  rotate	  around	  its	  long	  axis	  (Pronk,	  van	  der	  Helm	  
&	  Rozendaal,	   1993,	   Fukuda	   et	   al.,	   1986),	   leading	   to	   the	   assumption	   in	   some	  models	   that	   the	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Figure	  2.11:	  Anatomy	  of	  the	  acromioclavicular	  and	  glenohumeral	  joints	  (Gray,	  2008).	  
2.3.5 Scapulothoracic	  joint	  
The	  moving	  point	  of	  contact	  between	  the	  scapula	  and	  the	  chest	  wall	  is	  often	  referred	  to	  as	  the	  
scapulothoracic	  gliding	  plane	   (STGP),	  although	  not	  a	  synovial	   joint	   it	   is	  widely	   referred	  to	  as	  a	  
functional	  joint	  (Pronk,	  1991).	  The	  anatomy	  of	  this	  joint	  is	  complex	  but	  well	  described	  by	  Figure	  
2.12.	  The	  trapezius,	  latissimus	  dorsi,	  and	  in	  some	  cases	  a	  bursa	  between	  the	  latissimus	  dorsi	  and	  
inferior	   angle	   of	   the	   scapula	   forms	   the	   layer	   above	   the	   scapula	   (Williams	   et	   al.,	   1999).	   The	  
levator	  scapulae,	  rhomboid	  major	  and	  minor	  and	  the	  scapulotrapezial	  bursa	  form	  the	  next	  layer	  
roughly	  level	  with	  the	  scapula	  (Williams	  et	  al.,	  1999).	  The	  serratus	  anterior,	  the	  scapulothoracic	  
bursa	   (between	   this	   muscle	   and	   the	   thorax),	   the	   subscapularis	   and	   the	   subscapularis	   bursa	  
(between	   the	   subscapularis	   and	   the	   serratus	   anterior,	   present	   in	   the	  majority	   of	   cases)	   then	  
form	  the	  deepest	  layer	  on	  which	  the	  scapula	  articulates	  (Figure	  2.12;	  Williams	  et	  al.,	  1999).	  The	  
depth	  of	  this	  articulation	  and	  thus	  the	  separation	  of	  the	  scapula	  from	  the	  thorax	  in	  this	  area	  are	  
not	  well	  understood,	  particularly	  in	  dynamic	  or	  overhead	  activities.	  Although	  values	  have	  been	  
discussed	   for	   cadavers	   in	   a	   position	   of	   rest	   (3.32cm	   for	   the	   TS	   and	   2.42cm	   for	   the	   AI;	   Klein	  
Breteler,	  Spoor	  &	  Van	  der	  Helm,	  1999)	  these	  are	  of	  limited	  relevance	  to	  more	  general	  activities.	  
The	  modelling	  of	  this	  joint	  thus	  poses	  particular	  challenges	  in	  musculoskeletal	  modelling	  and	  as	  

















Figure	  2.12:	  Anatomy	  of	  the	  scapulothoracic	  joint.	  Adapted	  from	  (Kapandji,	  1982).	  
2.3.6 Glenohumeral	  joint	  
The	  humerus	  and	  scapula	  are	  connected	  at	  the	  Glenohumeral	  (GH)	  joint,	  a	  synovial	  joint	  with	  no	  
intra-­‐articular	  disc	  and	  a	  fibrous	  joint	  capsule	  (Figure	  2.11).	  The	  GH	  joint	  is	  intrinsically	  unstable,	  
since	  the	  glenoid	  articulation	  is	  between	  one	  third	  and	  one	  quarter	  of	  the	  area	  of	  the	  humeral	  
articulation	   (Peat,	  1986).	  This	   stability	   is	   traded	   for	   the	  high	   level	  of	  mobility	   in	   the	   joint.	  The	  
glenoid	  fossa	   is	  deepened	  by	  the	  glenoid	   labrum,	  which	   is	  the	  fibro	  cartilaginous	  rim	  attached	  
around	  the	  margin	  of	  the	  glenoid	  cavity.	  This	  is	  believed	  to	  increase	  the	  stability	  of	  the	  GH	  joint	  
through	  concavity	  compression	  (Kent,	  1971,	  Lippitt,	  et	  al.,	  1993),	  although	  that	  effect	  is	  likely	  to	  
be	  limited	  (Veeger	  &	  van	  der	  Helm,	  2007).	  The	  active	  stabilisation	  of	  this	  joint	  is	  key	  and	  as	  such	  
is	  discussed	  in	  Section	  2.4.1.	  The	  passive	  stabilisers	  of	  the	  GH	  joint	  will	  also	  have	  a	  role,	  although	  
this	   is	   likely	   to	   only	   be	   important	   at	   high	   angles	   of	   GH	   elevation	   (Southgate,	   2010).	   The	  
moments	  provided	  by	  the	  ligaments	  have	  been	  predicted	  to	  peak	  at	  around	  5Nm	  and	  so	  their	  
effect	  may	   be	   limited	   compared	   to	   the	   active	  moments	   provided	   by	   the	  muscles	   (Southgate,	  
2010).	  
Translations	  within	  the	  GH	  joint	  are	  small,	  being	  less	  than	  4mm	  during	  elevation	  of	  the	  humerus	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modelled	  as	  a	  sphere	  with	  3	  degrees	  of	  freedom	  (DOF)	  when	  considering	  only	  gross	  upper	  limb	  
function.	  
2.3.7 Elbow	  
The	   elbow	   joint	   is	   not	   the	   focus	   of	   this	   thesis	   but	   is	   an	   important	   consideration	   in	   shoulder	  
modelling	  (Garner	  &	  Pandy,	  2001)	  and	  as	  such	  it	  is	  described	  here.	  The	  complex	  is	  made	  up	  of	  
three	  articulations:	  the	  humeroulnar,	  the	  humeroradial	  and	  the	  proximal	  radioulnar	  joints.	  The	  
humeroulnar	  joint	  is	  made	  up	  of	  the	  olecranon	  of	  the	  ulna	  in	  which	  the	  trochlea	  of	  the	  humerus	  
sits	   and	   primarily	   rotates	   around	   a	   single	   axis,	   although	   some	   movement	   in	   other	   planes	   is	  
possible.	   The	   humeroradial	   joint	   connects	   the	   humerus	   and	   the	   radial	   head.	   It	   is	   generally	  
considered	  as	  a	  modified	  hinge	  joint	  with	  axial	  rotation	  of	  the	  radius	  possible.	  Finally,	  the	  ulna	  
and	  radius	  articulate	  directly	  at	  their	  proximal	  and	  distal	  ends	  forming	  the	  proximal	  and	  distal	  
radioulnar	  joints	  at	  the	  elbow	  and	  wrist	  respectively	  (Lockard,	  2006).	  Thus,	  the	  hand	  is	  able	  to	  
rotate	  both	  internally	  and	  externally	  around	  the	  long	  axis	  of	  the	  humerus,	  while	  the	  forearm	  can	  
flex	  and	  extend	  around	  the	  elbow.	  A	  fairly	  consistent	  carrying	  angle	  directs	   the	  forearm	  more	  
laterally	  than	  the	  humerus	  in	  the	  anatomical	  position	  (arms	  by	  sides,	  palms	  facing	  forwards).	  
2.4 Musculature	  of	  the	  upper	  limb	  
The	  muscles	  of	  the	  shoulder	  drive	  the	  motion	  of	  the	  scapula	  and	  the	  other	  bones.	  The	  directions	  
of	  the	  more	  superficial	  muscle	  actions	  are	  shown	  in	  Figure	  2.13.	  
The	  upper	  limb	  is	  unlike	  the	  lower	  limb	  in	  that	  it	  includes	  a	  number	  of	  tri-­‐articular	  muscles.	  This	  
is	  partly	  due	  to	  the	  close	  proximity	  of	  the	  SC,	  AC	  and	  GH	  joints	  that	  makes	  this	  feasible	  without	  
extremely	   long	   muscles.	   The	   upper	   limb	   also	   has	   a	   large	   range	   of	   motion	   and	   it	   has	   been	  
highlighted	   in	   the	   literature	   that	   a	   combination	   of	   these	   two	   anatomical	   factors	   has	   led	   to	  
increased	  optimal	  fibre	  lengths	  compared	  to	  the	  lower	  limb	  (Veeger	  &	  van	  der	  Helm,	  2007).	  This	  
increase	  allows	  a	   larger	  working	   range	   in	   the	  muscles	   (Zajac,	  1989)	   that	   includes	   the	  range	  of	  
motion	  of	   the	   shoulder	   complex	   in	  most	   cases	   (Klein	  Breteler,	   Spoor	  &	  Van	  der	  Helm,	  1999).	  
Therefore	  all	   of	   the	  discussed	  muscles	   are	   likely	   to	  be	  within	   their	  working	   range	   throughout	  
and	  so	  their	  action	  is	  relevant	  at	  all	  positions.	  
The	  movement	  of	  the	  scapula	  is	  also	  likely	  to	  aid	  this	  maintenance	  of	  the	  musculotendon	  unit	  in	  
its	  most	   effective	   length	   range	   (Mottram,	   1997)	   by	   acting	   as	   a	  moveable	  base,	   in	   contrast	   to	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those	  muscles	  fixed	  to	  the	  thorax.	  Another	  key	  role	  will	  also	  be	  in	  maintaining	  the	  moment	  arms	  
of	  the	  muscles.	  For	  example	  a	  highly	  elevated	  arm	  with	  no	  clavicle	  and	  scapula	  movement	  could	  
significantly	   reduce	   the	   adduction	   moment	   arm	   of	   the	   teres	   major,	   an	   important	   adductor	  
(Ackland	  et	  al.,	  2008).	  The	  muscles	  of	  the	  rotator	  cuff,	  particularly	  supraspinatus,	  would	  also	  be	  
compressed	  by	  the	  acromion	  (Ludewig	  &	  Reynolds,	  2009,	  Bey	  et	  al.,	  2007),	  highlighting	  another	  
key	  role	  of	  the	  scapula.	  
	  
Figure	  2.13:	  Direction	  of	  action	  of	  the	  prime	  movers	  of	  the	  upper	  limb	  (Charlton,	  2003).	  
A	   review	   of	   the	   action	   of	   bi-­‐articular	   muscles	   (van	   Ingen	   Schenau,	   1990)	   has	   covered	   some	  
important	   advantages	   of	   the	   aforementioned	  muscles	   that	   are	   also	   applicable	   to	   tri-­‐articular	  
muscles	   and	   particularly	   relevant	   to	   the	   upper	   limb.	   These	   muscles	   move	   the	   bulk	   of	  
musculature	  proximally	   thus	   allowing	  easier	   acceleration	  of	   the	  more	  distal	   joints,	   since	   their	  
mass	  is	  reduced.	  Muscles	  like	  lattissimus	  dorsi	  and	  pectoralis	  major	  are	  examples	  of	  this	  in	  the	  
upper	   limb.	   Their	   advantages	   may	   also	   lie	   in	   their	   ability	   to	   retract	   (or	   protract	   with	   the	  
pectoralis	   major)	   the	   whole	   shoulder	   girdle	   whilst	   adducting	   and	   extending	   (or	   horizontally	  
flexing	   with	   the	   pectoralis	  major)	   the	   humerus.	   These	   two	   sets	   of	   actions	   are	   unlikely	   to	   be	  
desirable	  in	  opposing	  directions.	  The	  maintenance	  of	  a	  more	  optimal	  musculotendon	  length	  has	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Ingen	   Schenau,	   1990).	   These	   also	   contribute	   to	   reducing	   the	   contraction	   velocity	   of	   muscle,	  
which	  is	  known	  to	  increase	  the	  active	  force	  that	  can	  be	  produced	  (Zajac,	  1989).	  
The	  studies	   in	   this	   thesis	  will	   focus	  on	  highly	   loaded	  overhead	  activities	   that	   require	  powerful	  
depression	  (Figure	  2.4)	  of	  the	  arm.	  The	  focus	  of	  the	  following	  discussions	  of	  the	  musculature	  of	  
the	  upper	  limb	  will	  thus	  be	  on	  this	  action.	  
2.4.1 Rotator	  cuff	  
The	   rotator	   cuff	   is	   a	   tendon	   linking	   four	  muscles	   that	   originate	   in	   the	   scapula:	   Supraspinatus	  
(SS),	   Infraspinatus	   (IS),	  Subscapularis	   (SBS),	  and	  Teres	  Minor	   (Tmin).	  These	  muscles	  cover,	  and	  
insert	  into,	  the	  head	  of	  the	  humerus	  (Figure	  2.14).	  
	  
	  
Figure	  2.14:	  Top:	  Posterior	  view	  of	   three	  of	   the	   four	   rotator	  cuff	  muscles	  and	   the	  Teres	  Major.	  Bottom:	  Anterior	  
view	  of	  two	  of	  the	  four	  rotator	  cuff	  muscles	  and	  the	  Teres	  Major	  (Anatomy.tv,	  2006).	  
A	  vital	  function	  of	  the	  muscles	  of	  the	  upper	  limb	  is	  the	  provision	  of	  stability	  at	  the	  GH	  joint	  due	  











capsule	  (Veeger	  &	  van	  der	  Helm,	  2007,	  Terry	  &	  Chopp,	  2000,	  Mottram,	  1997).	  The	  role	  of	  the	  
rotator	   cuff	   is	   generally	   thought	   to	   primarily	   be	   in	   providing	   this	   function	   (Veeger	  &	   van	   der	  
Helm,	   2007,	   Terry	  &	  Chopp,	   2000,	   van	  der	  Helm,	   1994b).	   The	   rotator	   cuff	   lines	   of	   action	   are	  
mainly	  perpendicular	  to	  the	  glenoid	  and	  in	  the	  plane	  of	  the	  scapula	  (Ackland	  &	  Pandy,	  2009)	  and	  
are	  hence	  able	   to	  effectively	   apply	   forces	   to	  direct	   the	   resultant	  GH	   joint	   force	  back	   into	   the	  
glenoid	  to	  balance	  any	  destabilising	  external	  forces	  (Figure	  2.15).	  In	  non-­‐traumatic	  dislocation	  it	  
is	  likely	  that	  the	  GH	  joint	  can	  only	  dislocate	  if	  the	  joint	  reaction	  force	  points	  outside	  the	  glenoid	  
(Veeger	  &	  van	  der	  Helm,	  2007).	  
The	  arrangement	  of	  the	  rotator	  cuff	  muscles	  around	  the	  humeral	  head	  would	  seem	  to	  make	  it	  
very	  effective	  at	  directing	  the	  GH	  joint	  force	  toward	  the	  glenoid.	  However,	  powerful	  muscles	  like	  
Latissimus	  Dorsi	  and	  Pectoralis	  major	  can	  also	  provide	  a	  force	  to	  direct	  the	  GH	  joint	  force	  into	  
the	  glenoid	  (Veeger	  &	  van	  der	  Helm,	  2007).	  The	  disadvantage	  in	  these	  muscles	  may	  be	  that	  they	  
provide	  a	  strong	  antagonistic	  moment	  at	  the	   joint	  where	  the	  relatively	  small	  moment	  arms	  of	  
the	  rotator	  cuff	  would	  not	  do	  this	  to	  the	  same	  extent.	  
The	   function	  of	   the	   rotator	   cuff	  muscles	   is	   also	   in	   rotating	   the	  humerus	  along	   its	   long	  axis	  or	  
“steering”	  of	  the	  humerus	  (Terry	  &	  Chopp,	  2000).	  This	  relates	  to	  the	  strong	  internal	  and	  external	  
rotation	  moment	  arms	  that	  the	  rotator	  cuff	  has	  compared	  to	  the	  other	  muscles	  of	  the	  shoulder	  
(Ackland	   &	   Pandy,	   2011).	   Meanwhile,	   these	   other	   muscles	   may	   have	   much	   more	   powerful	  
actions	  around	  the	  other	  axes	  of	  rotation	  (Ackland	  et	  al.,	  2008)	  and	  thus	  they	  provide	  the	  power	  
whilst	   the	   rotator	   cuff	   “steers”	   the	   humerus	   (Terry	  &	   Chopp,	   2000).	   Another	   advantage	   over	  
these	  other	  muscles	  is	  that	  the	  direction	  of	  the	  GH	  joint	  reaction	  force	  can	  be	  maintained	  whilst	  
providing	  internal/external	  moments.	  With	  significant	  external	  rotation	  of	  the	  arm	  the	  ability	  of	  
the	  rotator	  cuff	  and	  the	  other	  muscles	  of	  the	  shoulder	  to	  provide	  internal/external	  rotation	  to	  
the	  humerus	  is	  noticeably	  reduced	  (Ackland	  &	  Pandy,	  2011).	  This	  may	  be	  highlighted	  in	  baseball	  
pitchers	   where	   a	   more	   retroverted	   humeral	   head	   would	   increase	   the	   moment	   arms	   of	   the	  
rotator	  cuff	  between	  the	  cocking	  phase	  and	  the	  ball	  release	  phase	  of	  the	  throw	  if	  the	  motions	  
remained	  the	  same.	  
If	   the	   rotator	   cuff	   muscles	   are	   weakened	   or	   damaged	   then	   the	   deltoid	   is	   able	   to	   pull	   the	  
humeral	  head	  higher	  (Figure	  2.13)	  and	  thus	  impingement	  and	  tearing	  of	  the	  rotator	  cuff	  muscles	  
are	  more	  likely	  (Ludewig	  &	  Braman,	  2011).	  This	  pattern	  of	  reduced	  rotator	  cuff	  function	  relative	  
to	  the	  deltoid	   is	  seen	   in	   impingement	  patients	   (Reddy	  et	  al.,	  2000).	  Similarly	  at	  high	  angles	  of	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humeral	  elevation	  the	  adductors	  can	  act	  to	  pull	  the	  humeral	  head	  inferiorly	  (Figure	  2.13),	  thus	  
requiring	   the	   action	   of	   the	   cuff	   to	   stabilise	   the	   joint.	   Figure	   2.15	   (top)	   demonstrates	   the	  
potential	  action	  of	  the	  supraspinatus	  in	  moving	  the	  GH	  joint	  reaction	  force	  superiorly	  against	  an	  
inferiorly	  directed	  force	  from	  the	  humeral	  adductors.	  
	  	   	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  2.15:	  (Top)	  Tendons	  of	  the	  rotator	  cuff	  muscles	  and	  teres	  major	  attaching	  onto	  the	  humeral	  head	  (Terry	  &	  
Chopp,	  2000).	   (Bottom)	  The	   stabilising	  action	  of	   the	   rotator	   cuff:	  here	   showing	   strong	  activation	   in	   infraspinatus	  
and	  weaker	  activation	  in	  subscapularis.	  The	  glenohumeral	  (GH)	  force	  vector	  results	  from	  the	  resultant	  rotator	  cuff	  
force	  vector	  and	  external	  force	  vector.	  
2.4.2 Depressors	  of	  the	  humerus	  
Teres	  Major	  (Tmaj)	  originates	  from	  the	  scapula	  and	  inserts	  into	  the	  humerus	  but	  does	  not	  form	  
part	  of	  the	  rotator	  cuff	  (Figure	  2.14).	  It	  acts	  to	  depress	  the	  humerus	  and	  internally	  rotate	  about	  
its	  long	  axis.	  It	  is	  the	  most	  consistently	  powerful	  adductor	  and	  extensor	  of	  the	  humerus	  (Ackland	  
et	  al.,	  2008).	  The	  line	  of	  action	  of	  the	  muscle	  is	  also	  fairly	  well	  aligned	  to	  be	  perpendicular	  to	  the	  
glenoid,	  particularly	  in	  abduction	  (Ackland	  &	  Pandy,	  2009).	  This	  may	  not	  be	  surprising	  given	  the	  









muscles	  of	  the	  rotator	  cuff,	  can	  act	  to	  upwardly	  rotate	  the	  scapula	  with	  a	  fixed	  humerus	  or	   in	  
the	  absence	  of	  a	  stable	  scapula.	  
The	  Pectoralis	  Major	  (Pec.maj)	  originates	  from	  the	  clavicle	  and	  the	  sternum	  and	  inserts	  into	  the	  
humerus	  (Figure	  2.16).	  This	  muscle	  is	  a	  strong	  humerus	  internal	  rotator	  and	  horizontal	  abductor.	  
The	  muscle	  also	  acts	  to	  adduct	  the	  arm	  in	  the	  coronal	  plane,	  whilst	  flexing	  the	  arm	  in	  the	  sagittal	  
plane	  (Ackland	  et	  al.,	  2008).	  The	  superior	  fibres	  have	  the	  largest	  tendency	  to	  try	  and	  elevate	  the	  
arm	  while	  the	  more	  inferior	  fibres	  tend	  to	  depress	  the	  arm	  (Figure	  2.16;	  Ackland	  et	  al.,	  2008).	  Of	  
all	  the	  muscles	  capable	  of	  depressing	  the	  arm	  the	  pectoralis	  major	  is	  the	  most	  powerful	  internal	  
rotator	  (Ackland	  &	  Pandy,	  2011).	  
	  
Figure	  2.16:	  Anterior	  view	  of	  the	  Pectoralis	  Major	  (Anatomy.tv,	  2006).	  
Latissimus	  Dorsi	  has	  a	  very	  broad	  origin	  –	  occurring	  from	  the	  6th	  lowest	  thoracic	  vertebra	  to	  the	  
pelvis	  and	   inserting	   into	   the	   floor	  of	   the	   intertubercular	  groove	  of	   the	  humerus	   (Figure	  2.17).	  
This	  muscle	  depresses	  and	  internally	  rotates	  the	  humerus	  and	  retracts	  (or	  horizontally	  extends)	  
the	  shoulder	  girdle.	  The	  line	  of	  action	  is	  consistently	  in	  line	  with	  the	  plane	  of	  the	  scapula	  during	  
flexion	  and	  abduction	  but	  may	  also	  act	  on	  the	  scapula	   (Ackland	  &	  Pandy,	  2009).	  The	  moment	  
arm	  that	  depresses	  the	  arm	  is	  more	  effective	  in	  adduction	  than	  extension	  (Ackland	  et	  al.,	  2008).	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Figure	  2.17:	  Posterior	  view	  of	  the	  Latissimus	  Dorsi	  (Anatomy.tv,	  2006).	  
The	   Long	  Head	  of	   the	  Triceps	  Brachii	   originates	   from	   the	   infraglenoid	   tubercle	  of	   the	   scapula	  
and	  inserts	  into	  the	  olecranon	  via	  the	  common	  tendon	  of	  the	  Triceps	  Brachii	  (Figure	  2.18).	  This	  
head	   is	   an	   elbow	   extensor	   and	   a	   relatively	   weak	   depressor	   of	   the	   humerus.	   The	  medial	   and	  
lateral	  heads	  are	  mono-­‐articular	  elbow	  extensors.	  The	  proximity	  of	  the	  muscle	  origin	  to	  the	  GH	  
joint	   may	   direct	   the	   line	   of	   action	   perpendicular	   to	   the	   glenoid	   surface	   at	   higher	   levels	   of	  
elevation	  (Figure	  2.18).	  
	  






2.4.3 Other	  key	  scapula	  muscles	  
The	  Deltoid	  has	  a	  broad	  origin	   in	   the	  scapula.	  The	  posterior	  portion	  originates	  on	   the	   inferior	  
portion	  of	  the	  scapula	  spine,	  the	  middle	  portion	  from	  the	  lateral	  border	  of	  the	  acromion	  and	  the	  
anterior	   portion	   from	   the	   clavicle.	   All	   these	   portions	   insert	   into	   the	   humerus	   on	   the	   deltoid	  
tuberosity.	  Given	  the	  large	  origin	  of	  the	  muscle	  wrapping	  around	  the	  GH	  joint,	  the	  action	  of	  this	  
muscle	  varies	  for	  the	  different	  portions:	  anterior,	  middle	  and	  posterior.	  
The	   Anterior	   Portion	   of	   the	   Deltoid	   (DeltA)	   flexes	   and	   abducts	   the	   humerus	   having	   a	   weak	  
internal/external	   rotation	   moment	   arm	   depending	   on	   the	   pose	   of	   the	   humerus	   (Ackland	   &	  
Pandy,	  2011).	  The	  Middle	  Portion	  of	   the	  Deltoid	   (DeltM)	  also	   flexes	  and	  abducts	   the	  humerus	  
with	   a	   weak	   internal/external	   rotation	  moment	   arm	   depending	   on	   the	   pose	   of	   the	   humerus	  
(Ackland	  &	  Pandy,	  2011).	  
The	  Posterior	  Portion	  of	  the	  Deltoid	  (DeltP),	  by	  contrast,	  is	  a	  strong	  extender	  and	  weak	  adductor	  
of	  the	  humerus.	  The	  muscle	  is	  also	  generally	  an	  external	  rotator	  of	  the	  humerus,	  although	  with	  
significant	  external	   rotation	  of	   the	  humeral	   the	  muscle	  may	   slide	   inferior	   to	   the	  GH	   joint	  and	  
become	  an	  internal	  rotator	  (Ackland	  &	  Pandy,	  2011).	  Thus	  all	  of	  the	  important	  adductors	  of	  the	  
humerus	   are	   internal	   rotators	   of	   the	   bone,	   except	   the	   posterior	   deltoid	   that	   often	   actuates	  
external	  rotation.	  
The	  posterior	  deltoid	  may	  also	  act	  as	  an	  internal	  rotator	  of	  the	  scapula,	  thus	  potentially	  pulling	  
the	  medial	  border	  away	  from	  the	  rib	  cage.	  
The	   deltoid	   and	   supraspinatus	   primarily	   actuate	   the	   elevation	   of	   the	   humerus	   (Howell	   et	   al.,	  
1986).	  However,	  the	  long	  head	  of	  biceps	  also	  has	  a	  key	  role	  in	  certain	  positions	  of	  the	  arm	  and	  
this	  role	  may	  be	  important	  when	  the	  supraspinatus	  muscle	  is	  damaged	  (Steenbrink	  et	  al.,	  2009).	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Figure	  2.19:	  Anterior	  and	  posterior	  views	  of	  the	  muscles	  joining	  the	  scapula	  and	  clavicle	  to	  the	  humerus,	  with	  the	  
Deltoid	  highlighted	  (Anatomy.tv,	  2006).	  
The	  Trapezius	  has	  a	  very	  broad	  origin	  –	  occurring	  from	  the	  C1	  vertebra	  to	  the	  T12	  vertebra.	  The	  
insertion	  is	  also	  broad	  –	  covering	  the	  superior	  portion	  of	  the	  scapula	  spine,	  the	  medial	  portion	  
of	   the	  acromion	  and	   the	   lateral	   third	  of	   the	  clavicle	   (Figure	  2.20).	  The	  action	  of	   the	  muscle	   is	  
fairly	   complex	   given	   the	   large	   distribution	   of	   the	  muscle.	   The	   upper	   fibres	   act	   to	   elevate	   the	  
shoulder	   girdle	   and	   upwardly	   rotate	   the	   clavicle,	   while	   the	   combined	   action	   of	   the	   fibres	   is	  
thought	  to	  retract	  and	  upwardly	  rotate	  the	  scapula.	  
	  
Figure	  2.20:	  Posterior	  view	  of	  the	  Trapezius	  (Anatomy.tv,	  2006).	  
The	  Serratus	  Anterior	  has	  a	  broad	  origin	  on	  the	  lateral	  portion	  of	  the	  upper	  nine	  ribs;	  the	  muscle	  









(Figure	  2.21).	  This	  muscle	  acts	  to	  protract	  (or	  horizontally	  flex)	  the	  scapula	  and	  shoulder	  girdle.	  
The	   inferior	   fibres	   also	   aid	   the	   Trapezius	   in	   upwardly	   rotating	   the	   scapula.	   The	   very	   large	  
moment	  arm	  acting	  to	  pull	  the	  medial	  border	  of	  the	  scapula	  into	  the	  rib	  cage	  is	  also	  important.	  
	  
Figure	  2.21:	  Anterior	  view	  of	  the	  origins	  and	  insertions	  of	  the	  Serratus	  Anterior	  (Anatomy.tv,	  2006).	  
The	   Rhomboids	   (Rmaj	   /	   Rmin)	   are	   a	   sheet	   of	   muscle	   originating	   between	   the	   C7	   and	   T5	  
vertebrae	   and	   inserting	   into	   the	  medial	   border	   of	   the	   scapula	   from	   the	   inferior	   angle	   to	   just	  
above	   the	   trigonum	  spinae	   (Figure	  2.22).	  These	  muscles	  are	   strong	  downward	   rotators	  of	   the	  
scapula	  and	  retractors	  of	  the	  whole	  girdle.	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2.4.4 Elbow	  flexors	  
The	  Long	  Head	  of	  the	  Biceps	  Brachii	  originates	  within	  the	  glenohumeral	  joint	  capsule	  and	  passes	  
through	  the	  bicepital	  groove	  (Figure	  2.15a),	  whereas	  the	  Short	  Head	  of	  Biceps	  Brachii	  originates	  
at	  the	  end	  of	  the	  coracoid	  process	  (Figure	  2.23).	  The	  tendon	  of	  the	  long	  head	  is	  held	  in	  place	  by	  
the	   transverse	   humeral	   ligament,	   the	  modelling	   challenges	   of	   this	   are	   discussed	   in	   Section	   8.	  
These	   heads	   unite	   into	   a	   single	   tendon	   at	   the	   distal	   end,	   inserting	   on	   the	   radial	   tuberosity	  
(Figure	  2.23).	   The	  Biceps	  Brachii	   are	   flexors	  of	   the	  elbow,	   supinators	  of	   the	   forearm	  and	  may	  
also	  contribute	  to	  elevation	  of	  the	  humerus.	  The	  tendon	  of	  the	  Long	  Head	  of	  Biceps	  Brachii	  also	  
has	  a	  passive	  role	  in	  stabilising	  the	  glenohumeral	  joint	  (Alexander	  et	  al.,	  2012).	  The	  proximity	  of	  
the	  origin	  of	  the	  long	  head	  (Figure	  2.15a)	  also	  indicates	  that	  the	  muscle	  may	  have	  an	  important	  
active	   role	   in	   directing	   the	   joint	   reaction	   force	   into	   the	   glenoid,	   particularly	   when	   significant	  
elbow	  flexion	  is	  also	  required.	  
The	   Brachialis	   originates	   on	   the	   distal	   portion	   of	   the	   humerus	   and	   inserts	   into	   the	   anterior	  
surface	  of	  the	  ulna	  (Figure	  2.24).	  This	  muscle	  flexes	  the	  elbow.	  
	  






Figure	  2.24:	  Anterior	  view	  of	  the	  Brachialis	  muscle	  (Anatomy.tv,	  2006).	  
2.5 Three-­‐dimensional	  joint	  kinematics	  
2.5.1 Conventions	  
This	  section	  presents	  the	  theoretical	  and	  practical	  considerations	  required	  to	  describe	  the	  three-­‐
dimensional	   rigid	  body	  kinematics	  used	   in	   this	   thesis.	  The	  basic	   concepts	  are	   introduced	   then	  
developed	   to	   describe	   coordinate	   transformations	   and	   practical	   methods	   to	   solve	   these	   for	  
inter-­‐segmental	  joint	  rotations	  or	  joint	  kinematics.	  
It	  is	  important	  to	  be	  clear	  about	  the	  notation	  being	  used	  since	  confusion	  can	  easily	  result:	  
• Variables	  in	  upper	  case	  represent	  vectors	  or	  matrices	  and	  those	  in	  lower	  cases	  are	  
scalars.	  
• Leading	  superscripts	  identify	  the	  co-­‐ordinate	  system	  being	  used	  to	  describe	  an	  object,	  
for	  example	   𝑃! 	  represents	  a	  vector,	  P,	  described	  in	  coordinate	  frame	  {A}.	  
• Leading	  subscripts	  identify	  a	  co-­‐ordinate	  system,	  for	  example	   𝑅!! 	  represents	  coordinate	  
frame	  {A}	  described	  in	  coordinate	  frame	  {B},	  or	  in	  other	  words	  a	  rotation	  matrix	  that	  
defines	  the	  relationship	  between	  co-­‐ordinate	  frames	  {A}	  and	  {B}.	  
• Trailing	  subscripts	  identify	  the	  coordinate	  frame	  that	  an	  object,	  usually	  an	  axis,	  belongs	  
to,	  for	  example	  𝑋!	  represents	  the	  x-­‐axis	  of	  coordinate	  frame	  {A}.	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2.5.2 Position	  and	  rotation	  in	  space	  
In	  order	  to	  describe	  the	  position	  of	  an	  object	  in	  space	  a	  co-­‐ordinate	  frame	  must	  be	  defined.	  This	  
consists	  of	   three	  orthogonal	  axes	   represented	  by	  unit	  vectors,	  where	   the	  global	  or	   laboratory	  
coordinate	  frame	  {G}	  is	  the	  most	  basic.	  A	  position	  vector	  then	  describes	  the	  position	  of	  a	  point	  
in	  the	  coordinate	  frame	  (Figure	  2.25).	  	  
𝑂! ! = 𝑜!,!𝑜!,!𝑜!,! 	  
	   	  
Figure	   2.25:	   The	   origin	   of	   a	   coordinate	   frame	   {C}	   represented	   in	   the	   coordinate	   frame	   {G}	   by	   the	   position	  
vector 𝑂! ! .	  
The	  orientations	  of	  any	  rigid	  body	  can	  be	  defined	  using	  a	  segment-­‐embedded	  local	  coordinate	  
frame	   (Figure	   2.26).	   The	   relationship	   between	   the	   two	   frames	   can	   then	   be	   found	   simply	   by	  
describing	   the	  vectors	  of	  one	  coordinate	   frame	   ({C}	  here)	   in	   the	  other	   ({G}	  here),	   to	   form	  the	  
rotation	  matrix:	  







	   	  
Figure	  2.26:	  Representation	  of	  an	  anatomical	  coordinate	  frame	  in	  a	  global	  coordinate	  frame.	  
This	  matrix	  ( 𝑅!! 	  in	  this	  case)	  is	  referred	  to	  as	  the	  rotation	  matrix	  between	  frames	  {G}	  and	  {C}	  or	  
frame	  {C}	  with	  respect	  to	  {G}.	  
A	   point	   in	   the	   local	   frame	   for	   example	   the	   scapula	   origin	   in	   the	   clavicle	   coordinate	   frame	   (P	  
here)	  can	  be	  described	  in	  the	  global	  coordinate	  frame	  by	  combining	  the	  position	  vector	  of	  the	  
local	  frame	  origin	  and	  the	  rotation	  matrix	  between	  the	  two	  frames	  (Equations	  2.2	  and	  2.3).	  Note	  
that	  two	  equivalent	  descriptions	  are	  shown,	  with	  Equation	  2.2	  used	  throughout	  this	  thesis:	  
	   𝑃! = 𝑅!! · 𝑃! + 𝑂!! 	   Equation	  2.2	  
	  
𝑃!⋯1 =
𝑅!!⋯0 ⋯0 ⋯0 ⋮
𝑂!!⋯1 ·
𝑃!⋯1 	   Equation	  2.3	  
Transformation	  in	  this	  way	  (Equation	  2.2)	  is	  applicable	  to	  any	  two	  coordinate	  frames	  where	  the	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Figure	  2.27:	  Representation	  of	  the	  origins	  of	  the	  {C}	  and	  {S}	  coordinate	  frames	  in	  the	  global	  frame.	  
Transposing	  the	  rotation	  matrix	   𝑅!! 	  gives	  the	  opposite	  rotation	  direction	  i.e.	  {G}	  in	  terms	  of	  {C}.	  
The	  opposite	  transformation	  is	  then	  possible	  –	  going	  from	  a	  point	  described	  in	  the	  global	  frame	  
to	  a	  description	  in	  the	  local	  frame:	  
	   𝑃! = 𝑅!! ! · 𝑃! − 𝑂!! 	   Equation	  2.4	  
It	  is	  thus	  possible	  to	  describe	  local	  coordinate	  frames	  with	  respect	  to	  each	  other	  (Figure	  2.28),	  
remembering	  to	  take	  into	  account	  the	  relative	  positions	  of	  the	  origins	  (Figure	  2.27).	  	  
	   	  
Figure	  2.28:	  Transformation	  between	  multiple	  coordinate	  frames.	  Note	  that	  position	  vectors	  of	  frame	  origins	  must	  

























The	  rotation	  matrix	  between	  two	  local	  coordinate	  frames	  (Figure	  2.28)	  can	  be	  found	  using	  the	  
following	  relationship	  (Equation	  2.5;	  note	  that	  the	  transpose	  and	  inverse	  of	  a	  rotation	  matrix	  are	  
equivalent).	  This	  relationship	  relies	  only	  on	  the	  knowledge	  of	  the	  {S}	  and	  {C}	  coordinate	  frames	  
with	  respect	  to	  the	  global,	  as	  is	  likely	  to	  be	  the	  case	  in	  laboratory	  measurements.	  
𝑅 =!! 𝑅!! ! · 𝑅!! = 𝑅!! !! · 𝑅!! 	   Equation	  2.5	  
2.5.3 Description	  of	  rotations	  
Euler	  (1776)	  showed	  that	  three	  rotations	  could	  be	  used	  to	  describe	  the	  orientation	  of	  any	  rigid	  
body	   in	   space	   with	   respect	   to	   any	   coordinate	   frame.	   Thus,	   joint	   rotations	   can	   be	   calculated	  
across	   the	   upper	   limb.	   These	   Euler	   angles	   are	   the	   most	   common	   method	   to	   describe	   joint	  
rotations	  in	  biomechanics,	  considered	  the	  most	  clinically	  comprehensible.	  The	  rotations	  can	  be	  
described	  using	  space-­‐fixed	  (relative	  to	  a	  static	  frame)	  or	  body-­‐fixed	  (relative	  to	  a	  local	  moving	  
frame).	  A	  body-­‐fixed	   representation	  will	   be	  used	   throughout	   this	   thesis,	   as	   is	   the	   standard	   in	  
biomechanical	  joint	  descriptions	  (Wu	  et	  al.,	  2005).	  
There	   are	   twelve	   possible	   sequences	   of	   Euler	   angles.	   Six	   of	   these	   sequences	   are	   known	   as	  
Cardan	  angles	  in	  which	  a	  single	  axis	  is	  used	  twice	  –	  at	  the	  beginning	  and	  end	  of	  the	  sequence	  for	  
example	  Y-­‐X’-­‐Y’’	   sequence	  representing	  azimuth,	  elevation	  and	  roll	  of	   the	  humerus	  relative	   to	  
the	   thorax.	   However,	   a	   Y-­‐Z’-­‐X’’	   sequence	   will	   be	   used	   as	   an	   example	   here.	   The	   sequence	   of	  
rotations	  involved	  in	  this,	  using	  the	  example	  in	  the	  previous	  section,	  is	  described	  in	  Figure	  2.29.	  
1)	   Align	  frame	  {S}	  such	  that	  it	  is	  coincident	  with	  frame	  {C}.	  
2)	   Rotate	  frame	  {S}	  about	  𝑌!	  by	  an	  angle	  β.	  
3)	   Rotate	  frame	  {S}	  about	  𝑍!! 	  by	  an	  angle	  γ.	  
4)	   Rotate	  frame	  {S}	  about	  𝑋!!!	  by	  an	  angle	  α.	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Since	  the	  coordinate	  frame	  at	  each	  step	  depends	  on	  the	  preceding	  rotation	  it	   is	  clear	  that	  the	  
joint	  angles	  will	  depend	  on	  the	  used	  sequence.	  The	  extent	  of	  this	  effect	  has	  been	  investigated	  in	  
the	  upper	  limb	  (Karduna,	  McClure	  &	  Michener,	  2000).	  
So,	   considering	   the	   discussed	   example,	   if	   the	   clavicle	   coordinate	   frame	   {C},	   which	   is	   initially	  
coincident	   with	   the	   scapula	   coordinate	   frame	   {S},	   is	   rotated	   about	   the	   Y-­‐axis	   by	  β then	   the	  
rotated	  axes,	  called	  XS’,	  ZS’	  and	  YS’	  become:	  
	  	  𝑋!! = cos  (𝛽)0−sin  (𝛽)                               𝑌!! = 010                               𝑍!! = sin  (𝛽)0cos  (𝛽) 	   Equation	  2.6	  
This	  then	  gives	  the	  rotation	  matrix	  of	  β	  degrees	  about	  the	  Y-­‐axis	  (c	  refers	  to	  cosine	  and	  s	  to	  sine)	  
	  𝑅! 𝛽 = 𝑐𝛽 0 𝑠𝛽0 1 0−𝑠𝛽 0 𝑐𝛽 	   Equation	  2.7	  
Similarly	  for	  a	  rotation	  of	  γ	  about	  the	  z	  axis:	  
	  𝑅! 𝛾 = 𝑐𝛼 −𝑠𝛼 0𝑠𝛼 𝑐𝛼 00 0 1 	   Equation	  2.8	  
and	  α	  about	  the	  x	  axis:	  
	  𝑅! 𝛼 = 1 0 00 𝑐𝛼 −𝑠𝛼0 𝑠𝛼 𝑐𝛼 	   Equation	  2.9	  
Combining	  these	  gives	  us	  the	  rotation	  matrix	  found	  in	  Equation	  2.5	  in	  a	  form	  that	  includes	  the	  
rotations	  around	  each	  axis:	  
	   𝑅 =!! 𝑅!  !!!!! = 𝑅! 𝛽 ∙ 𝑅! 𝛾 ∙ 𝑅! 𝛼 	   	  
	  	  	  	  	  	  	  = 𝑐𝛽 0 𝑠𝛽0 1 0−𝑠𝛽 0 𝑐𝛽 𝑐𝛾 −𝑠𝛾 0𝑠𝛾 𝑐𝛾 00 0 1 1 0 00 𝑐𝛼 −𝑠𝛼0 𝑠𝛼 𝑐𝛼 	   	  
	  	  	  	  	  	  	  = 𝑐𝛽 ∙ 𝑐𝛾 −𝑐𝛽 ∙ 𝑠𝛾 ∙ 𝑐𝛼 + 𝑠𝛽 ∙ 𝑠𝛼 𝑐𝛽 ∙ 𝑠𝛾 ∙ 𝑠𝛼 + 𝑠𝛽 ∙ 𝑐𝛼𝑠𝛾 𝑐𝛾 ∙ 𝑐𝛼 −𝑐𝛾 ∙ 𝑠𝛼−𝑠𝛽 ∙ 𝑐𝛾 𝑠𝛽 ∙ 𝑠𝛾 ∙ 𝑐𝛼 + 𝑐𝛽 ∙ 𝑠𝛼 −𝑠𝛽 ∙ 𝑠𝛾 ∙ 𝑠𝛼 + 𝑐𝛽 ∙ 𝑐𝛾 	   Equation	  2.10	  
Considering	  the	  general	  form	  of	  a	  rotation	  matrix:	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   𝑅!! = 𝑟!,! 𝑟!,! 𝑟!,!𝑟!,! 𝑟!,! 𝑟!,!𝑟!,! 𝑟!,! 𝑟!,! 	   Equation	  2.11	  
It	  is	  now	  possible	  to	  extract	  the	  Euler	  angles	  from	  Equation	  2.10.	  The	  most	  robust	  method	  is	  to	  
use	   an	  𝑎𝑡𝑎𝑛2(𝑎, 𝑏)	  function,	   available	   in	   many	   computer	   languages,	   that	   computes	   the	   arc	  
tangent	  (𝑡𝑎𝑛!!)	  utilising	  the	  signs	  of	  both	  the	  𝑎	  and	  𝑏	  components	  to	  determine	  the	  quadrant	  
of	  the	  resultant	  angle.	  
	  𝛾 = sin!! 𝑟!,! = sin!! 𝑠𝛾 	   	  
	  𝛼 = 𝑎𝑡𝑎𝑛2 !!,!!" , !!!,!!" = 𝑎𝑡𝑎𝑛2 !"∙!"!" , !"∙!"!" 	   	  
	  𝛽 = 𝑎𝑡𝑎𝑛2 !!!,!!" , !!,!!" = 𝑎𝑡𝑎𝑛2 !"∙!"!" , !"∙!"!" 	   Equation	  2.12	  
The	  Euler	  angles	  describing	  the	  rotations	  between	  two	  segments	  are	  thus	  found.	  It	  is	  also	  clear	  
from	   this	   analysis	   how	   the	   used	   Euler	   sequence	   could	   significantly	   affect	   the	   computed	   joint	  
rotations;	  this	  effect	  has	  been	  shown	  to	  be	  large	  in	  the	  literature	  (Senk	  &	  Cheze,	  2006,	  Karduna,	  
McClure	  &	  Michener,	  2000).	  The	  standardised	  coordinate	  frames	  and	  Euler	  rotation	  sequences	  
are	  required.	  These	  exist	  and	  are	  described	  in	  Section	  2.6.	  
2.5.4 Gimbal	  lock	  
A	  significant	  limitation	  of	  Euler	  rotations	  is	  the	  possibility	  of	  a	  phenomenon	  called	  gimbal	  lock.	  
This	   occurs	   when	   two	   of	   the	   degrees	   of	   freedom	   in	   the	   defined	   joint	   align	   (Figure	   2.30).	   In	  
mathematical	   terms	   this	   alignment	   results	   in	   the	   loss	   of	   a	   rotation	   degree	   of	   freedom	   in	   the	  
rotation	  matrix.	  In	  the	  example	  in	  Section	  2.5.3	  this	  occurs	  with	  90°	  rotation	  around	  the	  z-­‐axis.	  
The	  rotation	  matrix	  describing	  frame	  {S}	  with	  respect	  to	  {C}	  thus	  becomes:	  
	   𝑅 =!! 𝑐𝛽 0 𝑠𝛽0 1 0−𝑠𝛽 0 𝑐𝛽 0 −1 01 0 00 0 1 1 0 00 𝑐α −𝑠𝛼0 𝑠𝛼 𝑐𝛼 	   	  
              = 0 −cos  (𝛼 + 𝛽) sin  (𝛼 + 𝛽)1 0 00 sin  (𝛼 + 𝛽) cos  (𝛼 + 𝛽) 	   Equation	  2.13	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In	   this	   matrix	   both	  𝛼	  and	  𝛽	  effect	   a	   rotation	   around	   the	   same	   axis.	   Defining	   the	   coordinate	  
frame	   so	   that	   they	   do	   not	   align	   or	   choosing	   the	   sequence	   carefully	   can	   avoid	   gimbal	   lock.	  
Techniques	  like	  quaternions	  have	  been	  used	  to	  overcome	  problems	  associated	  with	  Euler	  angles	  
(Cleather,	  Goodwin	  &	  Bull,	   2011),	   but	   since	   they	   are	   not	   simple	   to	   understand	   clinically	   they	  
have	  not	  seen	  significant	  usage.	  
	  
Figure	  2.30:	  Representation	  of	  a	  gimbal	  lock:	  the	  green	  gimbal	  on	  the	  left	  is	  rotated	  clockwise	  90°	  until	  the	  position	  
in	   the	   right	   image.	   The	   red	   and	   green	   circles	   then	   align	   so	   they	   describe	   the	   same	   rotation	   and	   one	   degree	   of	  
freedom	  is	  lost.	  
2.5.5 ISB	  recommendations	  
This	  section	  details	  the	  ISB	  recommended	  coordinate	  frames	  that	  are	  used	  in	  Chapters	  5	  and	  6.	  
The	   standardised	   coordinate	   frames	   and	   landmarks	   allow	   comparison	  between	   studies	   in	   the	  
literature.	  All	  figures	  and	  information	  are	  taken	  from	  (Wu	  et	  al.,	  2005).	  
2.5.5.a Thorax	  
Origin:	   IJ	  (Jugular	  notch)	  
Yt:	   The	  line	  connecting	  the	  midpoint	  between	  PX	  and	  T8	  and	  the	  midpoint	  between	  IJ	  and	  C7	  
Zt:	  
The	  line	  perpendicular	  to	  the	  plane	  formed	  by	  IJ,	  C7	  and	  the	  midpoint	  between	  PX	  and	  T8,	  pointing	  to	  the	  
right	  






Figure	  2.31:	  Coordinate	  frame	  of	  the	  thorax	  with	  the	  rotations	  described	  using	  a	  Z-­‐X’-­‐Y’’	  Euler	  sequence.	  Note	  that	  
a	  Z-­‐Y’-­‐X’’	  coordinate	  frame	  is	  used	   in	  this	  thesis	  (Chapter	  6).	  Since	  only	  the	  Z-­‐axis	  rotation	   is	  described	  these	  two	  
sequences	  should	  be	  identical.	  Image	  reproduced	  from	  (Wu	  et	  al.,	  2005).	  
2.5.5.b Clavicle	  
The	  rotations	  of	  the	  clavicle	  with	  respect	  to	  the	  thorax	  and	  the	  directions	  of	  the	  axes	  have	  been	  
described	  in	  Figure	  2.5.	  The	  formation	  of	  the	  coordinate	  frame	  is	  described	  here:	  
	   	  
Origin:	   SC	  
Zc:	   The	  line	  connecting	  SC	  and	  AC,	  pointing	  to	  AC.	  
Xc:	   The	  line	  perpendicular	  to	  Zc	  and	  Yt,	  pointing	  forward.	  
Yc:	   The	  common	  line	  perpendicular	  to	  the	  Xc-­‐	  and	  Zc-­‐axis,	  pointing	  upwards.	  
2.5.5.c Scapula	  
The	  rotations	  of	  the	  scapula	  with	  respect	  to	  the	  thorax	  and	  the	  directions	  of	  the	  axes	  have	  been	  
described	  in	  Figure	  2.6.	  The	  formation	  of	  the	  coordinate	  frame	  is	  described	  here:	  
	   	  
Origin:	   AA	  
Zs:	   The	  line	  connecting	  TS	  and	  AA,	  pointing	  to	  AA.	  
Xs:	   The	  line	  perpendicular	  to	  the	  plane	  formed	  by	  AI,	  AA	  and	  TS,	  pointing	  forward.	  
Ys:	   The	  common	  line	  perpendicular	  to	  the	  Xs-­‐	  and	  Zs-­‐axis,	  pointing	  forwards.	  
2.5.5.d Humerus	  
The	   humerus	   forearm	   coordinate	   frame	   is	   described	   below	   and	   shown,	   with	   a	   Y-­‐Z’-­‐Y’’	   Euler	  
sequence	  in	  Figure	  2.32.	  
	   	  
PX: Processus Xiphoideus (xiphoid
process), most caudal point on the
sternum
Clavicle: SC: Most ventral point on the
sternoclavicular joint
AC: Most dorsal point on the
acromioclavicular joint (shared with
the scapula)
Scapula: TS: Trigonum Spinae Scapulae (root of
the spine), the midpoint of the
triangular surface on the medial
border of the scapula in line with the
scapular spine
AI: Angulus Inferior (inferior angle),
most caudal point of the scapula
AA: Angulus Acromialis (acromial angle),
most laterodorsal point of the
scapula
PC: Most ventral point of processus
coracoideus
Humerus: GH: Glenohumeral rotation center,
estimated by regression or motion
recordings
EL: Most caudal point on lateral
epicondyle
EM: Most caudal point on medial
epicondyle
Forearm: RS: Most caudal–lateral point on the
radial styloid
US: Most caudal–medial point on the
ulnar styloid
For the clavicle only two bony landmarks can be
discerned: SC and AC. Hence, the axial rotation of the
clavicle cannot be determined through non-invasive
palpation measurements, but can be estimated on the
basis of optimization techniques (Van der Helm and
Pronk, 1995). In contrast to Van der Helm (1996), the
use of the landmark AA is now proposed instead of the
acromioclavicular joint (AC joint). This choice will
reduce the occurrence of complications due to gimbal
lock (Groot, 1998). The GH is strictly speaking not a
bony landmark, but is needed to define the longitudinal
axis of the humerus. The GH can be estimated by
regression analysis (Meskers et al., 1998) or by calculat-
ing the pivot point of instantaneous helical axes (IHA)
of GH motions (Stokdijk et al., 2000; Veeger et al.,
1996). The IHA method is preferred since it is more
accurate, and is also valid for patients in whom the GH
has changed due to degeneration of the articular
surfaces, or due to an implant. In some pathological
cases it is likely that the GH cannot be accurately
estimated with the IHA method due to translations in
the joint. It is then, however, a question whether the
regression method will be an acceptable alternative or
whether different methods (such as CT or MRI) should
be used.
2.3. Body segment coordinate systems
2.3.1. Thorax coordinate system—X tY tZt (see Figs. 1
and 2)
Ot: The origin coincident with IJ.
Y t: The line connecting the midpoint between PX
and T8 and the midpoint between IJ and C7,
pointing upward.
Zt: The line perpendicular to the plane formed by
IJ, C7, and the midpoint between PX and T8,
pointing to the right.
X t: The common line perpendicular to the Zt- and
Y t-axis, pointing forwards.
2.3.2. Clavicle coordinate system—X cY cZc(see Figs. 1
and 3)
Oc: The origin coincident with SC.
Zc: The line connecting SC and AC, pointing to
AC.
X c: The line perpendicular to Zc and Y t, pointing
forward. Note that the X c-axis is defined with
respect to the vertical axis of the thorax (Y t-
axis) because only two bony landmarks can be
discerned at the clavicle.
ARTICLE IN PRESS
Fig. 1. Bony landmarks and local coordinate systems of the thorax,
clavicle, scapula, and humerus.
Fig. 2. Thorax coordinate system and definition of motions.
G. Wu et al. / Journal of Biomechanics 38 (2005) 981–992 983
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Origin:	   GH	  
Yh:	   The	  line	  connecting	  GH	  and	  the	  midpoint	  of	  LE	  and	  ME,	  pointing	  to	  GH.	  
Xh:	   The	  line	  perpendicular	  to	  the	  plane	  formed	  by	  LE,	  ME	  and	  GH,	  pointing	  forward.	  
Zh:	   The	  common	  line	  perpendicular	  to	  the	  Yh-­‐	  and	  Zh-­‐axis,	  pointing	  forwards	  
	  
Figure	   2.32:	   Coordinate	   frame	   of	   the	   humerus	  with	   the	   GH	   rotations	   described	   using	   a	   Y-­‐Z’-­‐Y’’	   Euler	   sequence.	  
Image	  reproduced	  from	  (Wu	  et	  al.,	  2005).	  
2.5.5.e Forearm	  
Origin:	   US	  
Yf:	   The	  line	  connecting	  US	  and	  the	  midpoint	  between	  LE	  and	  ME,	  pointing	  proximally.	  
Xf:	  
The	  line	  perpendicular	  to	  the	  plane	  through	  US,	  RS	  and	  the	  midpoint	  between	  LE	  and	  ME,	  
pointing	  forward	  
Zf:	   The	  common	  line	  perpendicular	  to	  the	  Xf-­‐	  and	  Yf-­‐axis,	  pointing	  to	  the	  right	  
	   	  
	  
Figure	  2.33:	  Coordinate	  frame	  of	  the	  forearm.	  Image	  reproduced	  from	  (Wu	  et	  al.,	  2005).	  
Y c: The common line perpendicular to the X c- and
Zc-axis, pointing upward.
2.3.3. Scapula coordinate system—X sY sZs(see Figs. 1
and 4)
Os: The origin coincident with AA.
Zs: The line connecting TS and AA, pointing to
AA.
X s: The line perpendicular to the plane formed by
AI, AA, and TS, pointing forward. Note that
because of the use of AA instead of AC, this
plane is not the same as the visual plane of the
scapula bone.
Y s: The common line perpendicular to the X s- and
Zs-axis, pointing upward.
2.3.4. Humerus (1st option) coordinate system—
Xh1Yh1Zh1 (see 1 and 5; see also notes 1 and 2)
Oh1: The origin coincident with GH.
Yh1: The line connecting GH and the midpoint of
EL and EM, pointing to GH.
Xh1: The line perpendicular to the plane formed by
EL, EM, and GH, pointing forward.
Zh1: The common line perpendicular to the Yh1- and
Zh1-axis, pointing to the right.
2.3.5. Humerus (2nd option) coordinate system—
X h2Y h2Zh2
Oh2: The origin coincide t with GH.
Y h2: The line connecting GH and the midpoint of
EL and EM, pointing to GH.
Zh2: The line perpendicular to the plane formed by
Yh2 and Y f (see Section 2.3.6), pointing to the
right.
X h2: The common line perpendicular to the Zh2- and
Yh2-axis, pointing forward.
Note 1: The second definition of humerus coordinate
system is motivated by the high error sensitivity of the
direction connecting EL and EM due to the short
distance between them. Since it cannot be assured that
the Zh2-axis is equal to the joint rotation axis, its
orientation depends on the position of the upper arm
and forearm as well as the forearm orientation (Wang,
1996). Therefore, by definition, the Zh2-axis is taken
with the elbow flexed 90! in the sagittal plane and the
forearm fully pronated.
Note 2: We are faced with two difficulties in defining
Zh: (1) the anatomical definition of neutral humeral
internal/external rotation is unclear; and (2) the
numerical and practical inaccuracies in defining EL
and EM may swamp the accuracy of our definition. The
1st and 2nd definitions will not agree if the true EM–EL
line is rotated with respect to the forearm axis (in
pronation). For the humerus, the difference will only
affect the value for internal/external rotation; for the
forearm it will affect all three angles to some degree,
most significantly pro/supination. Our recommendation
is to use option 2 when the forearm is available for
recording and otherwise to use option 1.
2.3.6. Forearm coordinate system—X fY fZf (see Figs. 1
and 6)
Of : The origin coincident with US.
Y f : The line connecting US and the midpoint
between EL and EM, pointing proximally.
ARTICLE IN PRESS
Fig. 3. Clavicule coordinate system and definition of SC motions. Y t is
the local axis for the thorax coordinate system, which is initially
aligned with Y c of the clavicle.
Fig. 4. Scapula coordinate system and definition of AC motions. Y c is
the local axis for the clavicle coordinate system (Please note, the origin,
shown here at AC, should be placed at AA).
Fig. 5. Humerus coordinate system and definition of GH motions. Y s
is the local axis for the scapula coordinate system.
G. Wu et al. / Journal of Biomechanics 38 (2005) 981–992984
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X f : The line perpendicular to the plane through US,
RS, and the midpoint between EL and EM,
poi ting forward.
Zf : The common line perpendicular to the X f and
Y f -axis, pointing to the right.
2.4. JCS and motion for the shoulder complex
In the shoulder, it can be useful to report two types of
rotations. One is joint rotation, i.e., rotation of a
segment with respect to the proximal segment including
the clavicle relative to the thorax (SC joint), the scapula
relative to the clavicle (AC joint), and the humerus
relative to the scapula (GH joint). The other is segment
rotation, i.e., rotation of the clavicle, scapula, or humerus
relative to the thorax (the non-existent thoracohumeral
joint, often loosely defined as the shoulder joint). The
definition of joint displacements is only useful if it is
defined with respect to the proximal segment.
Many rotation orders are possible (such as X–Y–Z in
Cardan angles or Y–Z–Y in Euler angles). We have
chosen rotation orders so that the angles remain as close
as possible to the clinical definitions of joint and
segment motions. Differences are unavoidable since
these clinical definitions are not consistent in 3-D. For
example, although flexion and abduction each is clearly
defined in 2-D, flexion followed by abduction gives a
different result than abduction followed by flexion (see
Anglin and Wyss, 2000, Section 8.1).
In the following definitions, a is around the Z-axis, b
around the X-axis, and g around the Y-axis, irrespective
of the order of rotation.
2.4.1. JCS and motions of the thorax relative to the
global coordinate system (Z–X–Y order, Fig. 2
Displacement (q): corresponds to motions of IJ with
respect to the global coordinate system ðX g–Y g–Zg
defined by Wu and Cavanagh (1995)).
e1: The axis coincident with the Zg-axis of the
global coordinate system.
Rotation (aGT ): flexion (negative) or extension
(positive).
e3: The axis fixed to the thorax and coincident with
the Y t-axis of the thorax coordinate system.
Rotation (gGT ): axial rotation to the left
(positive) or to the right (negative).
e2: The common axis perpendicular to e1 and e3,
i.e., the rotated X t-axis of the thorax.
Rotation (bGT ): lateral flexion rotation of the
thorax, to the right is positive, to the left is
negative.
2.4.2. JCS and motion for the SC joint (clavicle relative
to the thorax, Y–X–Z order, Fig. 3
Displacement (q): corresponds to translations of the
common rotation center of the SC joint with respect to
the thorax coordinate system.
e1: The axis fixed to the thorax and coincident with
the Y t-axis of the thorax coordinate system.
Rotation (gSC): retraction (negative) or protrac-
tion (positive).
e3: The axis fixed to the clavicle and coincident
with the Zc-axis of the clavicle coordinate
system.
Rotation (aSC): axial rotation of the clavicle;
rotation of the top backwards is positive,
forwards is negative.
e2: The common axis perpendicular to e1 and e3,
the rotated X c-axis.
Rotation (bSC): elevation (negative) or depres-
sion (positive).
2.4.3. JCS and motion for the AC joint (scapula relative
to the clavicle, Y–X–Z order, Fig. 4
Displacement (q): corresponds to translations of the
common rotation center of the AC joint with respect to
the clavicle coordinate system.
Note: The following sequence is supported by
Karduna et al. (2000), who studied the six possible
Euler sequences for scapular motion. They found that
the proposed sequence is ‘‘consistent with both research-
and clinical-based 2-D representations of scapular
motion’’. They also found that changing the sequence
resulted in ‘‘significant alterations in the description of
motion, with differences up to 50" noted for some
angles’’. Since the scapular coordinate system is initially
aligned with the clavicular coordinate system even
though this position is never assumed anatomically,
typical angle values are offset from zero (either positive
or negative).
e1: The axis fixed to the clavicle and coincident with
the Y c-axis of the clavicle coordinate system.
ARTICLE IN PRESS
Fig. 6. Definition of forearm coordinate system.





− Descriptions	   of	   joint	   rotations	   and	   general	   motions	   of	   the	   upper	   limb	   have	   been	  
introduced	  and	  will	  be	  used	  throughout	  this	  thesis.	  
− The	  osseous	  and	  muscular	  anatomies	  of	  the	  upper	  limb	  relevant	  to	  this	  thesis	  have	  been	  
described.	  
− The	  scapula	  has	  been	  shown	  to	  be	  an	  important	  link	  in	  the	  dynamic	  chain	  of	  the	  upper	  
limb	  with	  a	  large	  number	  of	  muscle	  attachments	  that	  may	  be	  key	  extreme	  activities.	  
− Mathematical	  descriptions	  of	  rotation	  matrices	  and	  Euler	  rotations	  have	  been	  covered,	  
particularly	   their	   use	   in	   defining	   joint	  mechanics.	   Sequence	  dependence	   is	   seen	   to	  be	  
important	  as	  well	  as	  the	  avoidance	  of	  gimbal	  lock.	  
− A	  practical	  description	  of	   the	  methods	  used	   to	  define	  co-­‐ordinate	  systems	   throughout	  










Chapter	  3 	  
Upper	  limb	  kinematics	  literature	  review	  
	  
	  
The	   literature	   concerned	  with	  measuring	   kinematics	   of	   the	   shoulder,	   a	   key	   component	   of	   its	  
functional	  biomechanics,	  is	  reviewed	  in	  this	  chapter.	  Gold	  standards	  in	  validation	  are	  discussed	  
as	  well	  as	  practical	  methods	  for	  dynamic	  kinematics	  measurements	  and	  the	  effect	  of	  speed	  and	  
loading	  on	  scapula	  kinematics.	  




Measuring	   the	   3-­‐D	   kinematics	   of	   the	   scapula	   during	   dynamic	   movement	   provides	   important	  
information	   for	   the	  diagnosis	  and	   treatments	  of	   clinical	  disorders	   (Ludewig	  &	  Reynolds,	  2009,	  
Fayad	  et	  al.,	  2008,	  Solem-­‐Bertoft,	  Thuomas	  &	  Westerberg,	  1993),	  for	  rehabilitation	  techniques	  
(Michener,	   Walsworth	   &	   Burnet,	   2004),	   sports	   performance	   (Meyer	   et	   al.,	   2008)	   and	   injury	  
prevention	  (Kibler	  &	  Sciascia,	  2010,	  Laudner	  &	  Sipes,	  2009,	  Bell-­‐Jenje	  &	  Gray,	  2005).	  However,	  
the	  thick	  layer	  of	  soft	  tissue	  covering	  the	  scapula	  leads	  to	  movement	  artefacts	  of	  about	  5°	  below	  
120°	   humerothoracic	   elevation	   and	   far	   greater	   above	   in	   surface	   measurement	   techniques	  
(Matsui,	  Shimada	  &	  Andrew,	  2006,	  Karduna	  et	  al.,	  2001).	  	  
The	   layers	   of	   soft	   tissues	   that	   cover	   the	   bones	   of	   the	   shoulder	   make	   measurement	   of	   the	  
rotations	   of	   the	   joints	   (the	   kinematics)	   difficult.	   This	   has	   led	   to	   a	   number	   of	   alternative	  
techniques,	  particularly	   in	  the	  scapula,	  where	  the	  position	  of	  the	  bone	  means	  that	   it	  naturally	  
slides	  underneath	   the	   skin.	  The	  measurement	  of	   the	   scapula	  will	  be	   the	  primary	   focus	  of	   this	  
review.	  
3.2 Gold	  standard	  measurement	  
With	  any	  measurement	  technique	  it	  is	  necessary	  to	  validate	  it	  against	  a	  gold	  standard	  measure,	  
or	   ideally	   use	   that	   measure	   directly.	   Such	   techniques	   are	   described	   for	   the	   shoulder.	   When	  
highly	   invasive	   methods	   are	   used	   it	   will	   lead	   to	   higher	   intrinsic	   measurement	   accuracy.	  
However,	   this	  advantage	  may	  be	  overshadowed	  by	  the	  difficulty	  of	  gaining	   large	  quantities	  of	  
data	   (Meskers	   et	   al.,	   1998).	   The	   ethical	   issues	   of	   exposing	   subjects	   to	   these	   risks	   are	   also	  
important	  and	  mean	  that	  the	  techniques	  may	  not	  be	  appropriate	  in	  a	  clinical	  setting.	  
3.2.1 Radiography	  
The	   traditional	   method	   of	   tracking	   the	   scapula	   has	   been	   through	   the	   use	   of	   radiographic	  
techniques.	  Studies	  of	   this	  nature	  date	  back	  to	  the	  first	  half	  of	   the	  20th	  century:	  most	  notably	  
Inman	  (1944).	  Early	  experiments	  were	  generally	  single	  plane	  X-­‐ray	  studies,	  using	  one	  roentgen	  
source	   and	   an	   opposing	   fluorescent	   plate	   (Michiels	   &	   Grevenstein,	   1995,	   Poppen	   &	  Walker,	  
1976).	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For	   single	   plane	   X-­‐rays	   it	   is	   only	   possible	   to	   measure	   rotations	   in	   one	   plane.	   De	   Groot	   et	  
al.(1999)	  discuss	  the	  problems	  associated	  with	  projection	  of	  a	  3D	  movement	  onto	  a	  2D	  plane.	  
They	   highlight	   the	   difficultly	   in	   repeatedly	   obtaining	   images	   at	   exactly	   the	   same	   angle	   to	   the	  
plate,	  the	  fact	  that	  different	  choices	  of	  bony	  landmarks	  will	  give	  different	  output	  angles,	  and	  the	  
differences	  between	  readings	  in	  different	  X-­‐ray	  planes.	  Single	  plane	  X-­‐rays	  are	  also	  constrained	  
by	   a	   limited	   capture	   space	   and	   a	   very	   low	   sampling	   frequency	   (for	   example	   1.92	   frames	   per	  
second;	   Michiels	   &	   Grevenstein,	   1995),	   making	   the	   tracking	   of	   truly	   dynamic	   activities	  
impossible.	  However,	  fluoroscopy	  has	  become	  more	  popular	  in	  recent	  studies	  as	  it	  uses	  a	  lower	  
dose	  of	  radiation	  but	  at	  a	  significantly	  higher	  sampling	  frequency	  (over	  60	  frames/s;	  Bey	  et	  al.,	  
2008).	  
Another	   problem	   with	   X-­‐ray	   studies	   is	   that	   the	   positions	   of	   implanted	   markers	   or	   identified	  
scapula	   landmarks	   should	   be	   recorded	   with	   respect	   to	   bony	   landmarks	   on	   the	   thorax	   or	  
humerus	   (Meskers	   et	   al.,	   1998).	   Without	   these	   bony	   landmarks	   no	   geometry	   based	   local	  
coordinate	   system	   can	   be	   constructed	   and	   there	   will	   be	   no	   standard,	   comparable	   results.	  
Collection	   of	   this	   data	  would	   require	   a	   large	   capture	   volume	   and	   thus	   increased	   exposure	   to	  
radiation.	   Intra-­‐subject	   variance	   should	   be	   unaffected	   by	   this	   since	   it	   depends	   on	   the	  
measurement	   accuracy	   of	   the	   system.	  However,	   inter-­‐subject	   and	   inter-­‐day	   variability	  will	   be	  
higher	  because	  exact	  placement	  of	   sensors	  or	  pins	   is	  not	  possible.	   It	  has	  been	  estimated	   that	  
33%	  of	  variability	   is	  due	   to	   intra-­‐subject	  motor	  noise	   (de	  Groot,	  1997).	  Some	  palpation	  errors	  
will	  be	  introduced	  if	  these	  implanted	  devices	  are	  then	  related	  to	  landmarks	  (2°;	  de	  Groot,	  1997).	  
Bi-­‐planar	  fluoroscopy	  provides	  3D	  data,	  but	  the	  basic	  projection	  issues	  (de	  Groot,	  1999)	  may	  still	  
be	   present	   and	   the	   capture	   volume	  will	   be	   relatively	   small,	   as	   in	   all	   radiographic	   techniques.	  
However,	  These	  methods	  can	  have	  reasonable	  sampling	  frequencies	  and	  good	  accuracy	  (Bey	  et	  
al.,	  2008,	  Mahfouz	  et	  al.,	  2005).	  There	  are	  several	  techniques	  with	  this	  form	  of	  data	  collection.	  
The	   first,	   and	   more	   common,	   is	   to	   take	   a	   pair	   of	   CT	   scans	   of	   the	   subject	   to	   allow	   a	   3D	  
reconstruction	  of	  the	  bone	  that	  is	  then	  matched	  to	  the	  fluoroscopy	  scans	  (Chu	  et	  al.,	  2012,	  Kon	  
et	   al.,	   2008,	  Mahfouz	   et	   al.,	   2005,	   Banks	  &	  Hodge,	   1996).	   This	   requires	   exposure	   to	  multiple	  
scans	  although	  the	  dosage	  required	  in	  CT	  scanning	  may	  be	  significantly	  lower	  than	  is	  generally	  
used	  (Fox	  et	  al.,	  2011).	  Another	  method	  is	  to	  have	  implanted	  markers	  that	  are	  then	  tracked	  in	  
the	  images	  (Tashman	  &	  Anderst,	  2003),	  however	  this	  is	  a	  more	  serious	  invasive	  procedure	  that	  
is	   therefore	   only	   appropriate	   in	   subjects	   already	   under-­‐going	   surgery	   (Bey	   et	   al.,	   2006).	   The	  
model	   fitting	   technique	   has	   been	   shown	   to	   have	   very	   high	   accuracy	   (within	   ±0.5°)	   when	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compared	  to	  the	  implanted	  beads	  as	  the	  gold	  standard	  (Bey	  et	  al.,	  2006).	  However,	  the	  method	  
using	   implanted	  beads	  has	  been	  suggested	  to	  have	  an	  error	  of	  within	  1-­‐2°,	  dependent	  on	  the	  
spacing	  of	  the	  beads	  (Hogfors	  et	  al.,	  1991).	  The	  separation	  appears	  to	  be	  larger	   in	  Bey	  (2006),	  
and	   a	   study	   of	   the	   same	   methodology	   found	   an	   accuracy	   of	   0.35°	   compared	   to	   a	   phantom	  
(Tashman	   &	   Anderst,	   2003).	   The	   X-­‐ray	   dose	   is	   significantly	   reduced	   with	   fluoroscopy,	   as	  
compared	   to	   traditional	   x-­‐rays	   (Hill	   et	   al.,	   2007).	   The	   method	   should	   still	   be	   considered	   an	  
invasive	  method	  that	  may	  not	  be	  suitable	  for	  the	  general	  population,	  but	  in	  some	  cases	  could	  be	  
a	  useful	  validation	  method.	  
These	  bi-­‐planar	  fluoroscopy	  methods	  are	  able	  to	  dynamically	  track	  movements.	  However,	  they	  
are	  still	  poorly	  suited	  to	  studying	  athletic	  activities	  due	  to	  the	  relatively	  low	  sampling	  frequency	  
compared	   to,	   for	   example,	   a	   motion	   capture	   system	   (operates	   up	   to	   2000	   frames/s	   (Vicon	  
Motion	  Systems	  Ltd.,	  2012)	  and	  perhaps	  more	  importantly	  the	  limited	  capture	  volume.	  
3.2.2 MRI	  imaging	  
Magnetic	   resonance	   imaging	   (MRI)	   methods	   have	   several	   advantages	   over	   X-­‐rays.	   They	   are	  
inherently	   three-­‐dimensional	   and	   the	   planes	   and	   axes	   are	   determined	   automatically	   and	  
independently	  of	  the	  original	  section	  plane	  and	  orientation	  (Graichen	  et	  al.,	  2000a).	  Also,	  MRI	  
imaging	   does	   not	   utilise	   ionising	   radiation.	   However,	   the	   space	   inside	   an	   MRI	   scanner	   is	  
extremely	   limited.	   Although	   with	   the	   use	   of	   open-­‐MRI	   this	   imaging	   modality	   has	   been	  
successfully	  used	  in	  kinematics	  studies	  of	  the	  shoulder	  joint	  during	  elevation	  and	  abduction	  of	  
the	  arm	  (Sahara	  et	  al.,	  2007b,	  Sahara	  et	  al.,	  2007a,	  Graichen	  et	  al.,	  2005,	  Graichen	  et	  al.,	  2000a),	  
but	  not	  as	  a	   validation	   technique.	  Cost	  and	   the	   low	  accessibility	  of	   these	   techniques	   is	   also	  a	  
significant	  limitation.	  
For	  the	  measurement	  of	  kinematics	  during	  athletic	  activities	  this	  technique	  is	  inappropriate	  due	  
to	   the	   long	   acquisition	   time	   for	   the	   images	   (for	   example	   2-­‐5	   minutes	   each	   (Graichen	   et	   al.,	  
2005).	  This	  makes	  the	  technique	  completely	  unsuitable	  in	  loaded	  activities	  due	  to	  fatigue	  in	  the	  
subject	   and	   limitations	   related	   to	   the	   extrapolation	   of	   static	   measures	   will	   be	   discussed	   in	  
Section	   3.4.1.	   The	   limited	   space	   is	   also	   prohibitive	   for	   athletic	   movements.	   However,	   with	   a	  
translational	  error	  of	  0.61mm	  (Rhoad	  et	  al.,	  1998),	  found	  by	  comparison	  to	  cadaveric	  data,	  this	  
method	  appears	  to	  be	  an	  excellent	  one	  for	  technique	  validation	  where	  available.	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3.2.3 Palpation	  
Palpation	   methods	   have	   been	   widely	   used	   (Meskers	   et	   al.,	   1998,	   de	   Groot,	   1997,	   Johnson,	  
Stuart	  &	  Mitchell,	  1993)	  and	  help	  overcome	  skin	  artefacts	  but	  may	  be	  impractical	  for	  dynamic	  
movements	  or	  those	  that	  require	  significant	  movement	  of	  the	  whole	  body.	  	  
The	   static	   testing	   method	   involves	   positioning	   the	   arm	   and	   then	   recording	   the	   position	   of	  
particular	  bony	   landmarks	  to	  determine	  position	  and	  orientation	  of	  the	  bone	  relative	  to	  other	  
bones	  at	  each	  position.	  A	  static	  potentiometer	  palpation	  device	  was	  originally	  used	  to	  do	  this	  
and	  the	  estimated	  palpation	  error	  with	  the	  device	  was	  found	  to	  be	  within	  2°	  (de	  Groot,	  1997).	  It	  
was	  also	  suggested	  that	  palpation	  only	  contributed	  to	  12	  ±	  10%	  of	  the	  total	  error,	  with	  motor	  
noise	   (or	   intra-­‐subject	   variation	   at	   ±33%)	   and	   inter-­‐subject	   variability	   (±55%)	  more	   significant	  
factors	   in	   measurement	   of	   shoulder	   kinematics	   (de	   Groot,	   1997).	   An	   in	   vitro	   study	   has	   also	  
concluded	  that	  palpation	  shows	  an	  acceptable	  level	  of	  error	  and	  is	  a	  valid	  method	  to	  determine	  
the	  position	  of	  the	  scapula,	  with	  errors	  less	  than	  10mm	  seen	  between	  the	  surface	  point	  and	  the	  
landmark	  within	  the	  bone	  (Lewis	  et	  al.,	  2002).	  However,	  since	  this	  experiment	  was	  performed	  in	  
cadaveric	  specimens	  the	  muscle	  contractions	  are	  not	  considered.	  	  
The	  original	  palpation	  technique	  (Pronk	  &	  van	  der	  Helm,	  1991)	  was	  developed	  to	  use	  a	  scapula	  
Palpator	   (Johnson,	  Stuart	  &	  Mitchell,	  1993).	  This	   scapula	  Palpator	   is	  an	  adjustable	   frame	  with	  
three	  pins	  that	  form	  a	  rigid	  tripod	  (Figure	  3.1).	  These	  are	  applied	  over	  three	  key	  bony	  landmarks	  
of	   the	   scapula	   –	   the	   acromial	   angle	   (AA),	   the	   inferior	   angle	   (AI)	   and	   the	   root	   of	   the	   scapular	  
spine	  (TS;	  Figure	  3.1).	  The	  proximity	  of	  the	  deltoid	  muscle	  to	  the	  acromial	  angle	  can	  obscure	  the	  
scapular	  spine	  and	  acromial	  angle	  when	  contracted,	  and	  is	  a	  concern	  with	  this	  method.	  
Although	   not	   an	   indicator	   of	   absolute	   accuracy,	   repeatability	   in	   the	   measured	   intra-­‐subject	  
rotations	  had	  95%	  confidence	   intervals	  of	   less	  than	  4°	  with	  this	   technique	  (Barnett,	  Duncan	  &	  
Johnson,	   1999).	   A	   later	   study	   found	   similar	   results	   with	   a	   95%	   confidence	   interval	   in	   mean	  
variations	  of	  up	   to	  3.6°	   (internal/external	   rotation	  and	  upward	  rotation)	  with	   the	  use	  of	   force	  
sensors	  on	  the	  feet	  of	  the	  Palpator	  and	  4.5°	  without	  them	  (Shaheen,	  Alexander	  &	  Bull,	  2011b).	  It	  
should	  be	  noted	  that	  this	  study	  used	  the	  Palpator	  during	  a	  slow	  dynamic	  movement	  rather	  than	  
in	  static	  poses,	  with	  similar	  repeatability	  found	  to	  the	  static	  measurements.	  The	  effect	  of	  force	  
sensors	   on	   the	   feet	   was	   shown	   to	   be	   statistically	   significant	   and	   is	   thus	   an	   important	  
consideration	  (Shaheen,	  Alexander	  &	  Bull,	  2011b).	  Other	  studies	  found	  values	  ranging	  from	  2-­‐5°	  
in	   the	   intra-­‐subject	   repeatability	   (Meskers	   et	   al.,	   1998,	   de	   Groot,	   1997,	   Johnson,	   Stuart	   &	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Mitchell,	  1993).	  It	  is	  noted	  that	  the	  higher	  of	  these	  values	  was	  caused	  by	  errors	  from	  linking	  the	  
co-­‐ordinate	  frames	  to	  the	  bony	  landmarks	  that	  include	  offset	  errors	  caused	  by	  the	  palpation	  of	  
other	   landmarks	  on	   the	   thorax	  and	   the	  humerus.	   Those	  errors	  were	  not	  present	   in	   the	   inter-­‐
subject	   repeatability	   of	   2°	   found	   by	   Johnson	   et	   al.	   (1993),	   who	   used	   the	   scapula	   coordinate	  
frame	  only	  for	  the	  analysis	  (Meskers	  et	  al.,	  1998).	  The	  use	  of	  a	  rigid	  device	  rather	  than	  palpating	  
each	   point	   separately	   maintains	   the	   scapula	   measurements	   in	   a	   rigid	   body	   thus	   reducing	   a	  
source	  of	  error,	  as	  well	  as	  being	  simpler	  in	  a	  clinical	  setting.	  
	  
Figure	  3.1:	  Position	  of	  various	  bony	  landmarks	  of	  the	  scapula	  with	  the	  scapula	  Palpator.	  
The	   inter-­‐observer	   variability	   has	   also	   been	   quantified,	   finding	  mean	   variations	   of	   up	   to	   6.6°	  
(95%	   confidence	   interval	   up	   to	   8.3°)	   across	   the	   full	   range	   of	   motion	   using	   pressure	   sensors	  
(Shaheen,	  Alexander	  &	  Bull,	  2011b).	  Other	  studies	  have	  found	  similar	  values	  in	  the	  range	  of	  4-­‐8°	  
(Barnett,	  Duncan	  &	  Johnson,	  1999,	  Meskers	  et	  al.,	  1998,	  Johnson,	  Stuart	  &	  Mitchell,	  1993).	  The	  
inter-­‐observer	   values	   are	   significantly	   lower	   than	   the	   inter-­‐subject	   variations	   (50%	   smaller;	  
Meskers	  et	  al.,	  1998),	  improving	  confidence	  in	  this	  method	  (Barnett,	  Duncan	  &	  Johnson,	  1999)	  
and	  highlighting	  the	  need	  for	  consistency	  in	  the	  observer	  used.	  
There	  have	  been	  no	  studies	  that	  compare	  the	  tripod	  locator	  to	  bone	  fixed	  methods,	  although	  it	  
has	   been	   claimed	   that	   a	   skin-­‐fixed	   method	   (introduced	   in	   Section	   3.3.1)	   is	   a	   reasonable	  
comparison	   (Karduna	   et	   al.,	   2001).	   This	   is	   a	   very	   tenuous	   claim	   given	   that	   the	   Palpator	   is	   a	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The	  scapula	  Palpator	  is,	  however,	  well	  established	  and	  there	  have	  been	  a	  number	  of	  studies	  that	  
have	  used	  it	  (van	  Andel	  et	  al.,	  2009,	  Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007b,	  Vermeulen	  et	  
al.,	  2002,	  Barnett,	  Duncan	  &	  Johnson,	  1999,	  Meskers	  et	  al.,	  1998,	  McQuade,	  Hwa	  Wei	  &	  Smidt,	  
1995).	  As	  discussed,	   this	  palpation	  method	  has	  been	   shown	   to	  have	  a	  good	   intra-­‐subject	   and	  
inter-­‐observer	  repeatability,	  and	  the	  technique	  has	  recently	  been	  extended	  to	  slow	  movements,	  
showing	   similar	   repeatability	   to	   static	   measures	   (Shaheen,	   Alexander	   &	   Bull,	   2011b).	   The	  
addition	  of	  pressure	  sensors	  on	  the	  Palpator	  feet	  has	  also	  been	  shown	  to	  improve	  repeatability	  
(Shaheen,	  Alexander	  &	  Bull,	  2011b).	  Thus	   the	  method	  should	  be	  considered	  an	  accurate	  non-­‐
invasive	  technique	  (van	  Andel	  et	  al.,	  2009,	  Barnett,	  Duncan	  &	  Johnson,	  1999)	  with	  comparable	  
accuracy	   to	   the	  discussed	   imaging	   techniques.	  With	   regard	   to	   application	   in	   athletic	   activities	  
this	  method	  is	  unsuitable	  as	  the	  device	  must	  be	  held	  onto	  the	  subject	  throughout	  the	  motion.	  
3.2.4 Bone	  pins	  
Bone	  pins	  are	  small	  metal	  pins	  that	  are	  attached	  to	  the	  bone	  being	  studied	  (Figure	  3.2).	  These	  
have	  been	  used	  both	   in	  vitro	  and	   in	  vivo	   (Lunden	  et	  al.,	  2010,	  Braman	  et	  al.,	  2010,	  Ludewig	  et	  
al.,	  2009,	  Karduna	  et	  al.,	  2001,	  McClure	  et	  al.,	  2001)	  in	  the	  shoulder.	  These	  methods	  allow	  highly	  
accurate	  measurement	   of	   the	   bones	   in	   slow	   dynamic	  movements	   but	   are	   impractical	   for	   the	  
wider	  population.	   It	  has	  also	  been	  suggested	  that	  these	  methods	  may	  affect	  the	  kinematics	  of	  
the	  shoulder	  (Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007b,	  Meskers	  et	  al.,	  1998).	  This	  effect	  could	  
be	   caused	  by	  pain	   in	  movement,	   the	  application	  of	   anaesthetic	  or	   contact	  between	   the	  bone	  
pins	   and	   the	   skin.	   These	   factors	   would	   make	   the	   technique	   unsuitable	   for	   extreme	   athletic	  
activities.	  The	  ethical	  limitations	  are	  serious	  with	  this	  method	  but	  the	  technique	  has	  been	  used	  
effectively	  as	  a	  validation	  for	  other	  non-­‐invasive	  techniques	  (Section	  3.3.1).	  
	  
Figure	  3.2:	  Two	  bone	  pins	  attached	   to	   the	   scapula	  with	  an	  electromagnetic	   tracking	  device	  connecting	   them	   (b).	  




In	   summary,	  MRI	   imaging	   seems	   to	   be	   the	   ideal	  methodology	   for	   static	   validation	   with	   high	  
accuracy	   and	   no	   invasivity.	   The	   limitations	   are	   the	   cost	   and	   purely	   static	   nature	   of	   the	  
technique.	   Palpation	   is	   a	   promising	   alternative,	   given	   recent	   developments,	   in	   dynamic	  
movements.	   However,	   neither	   technique	   is	   suitable	   for	   measuring	   the	   kinematics	   of	   the	  
shoulder	  in	  athletic	  activities.	  
3.3 Non-­‐invasive	  dynamic	  methods	  
In	  order	  to	  model	  the	  shoulder	  complex	  it	  is	  important	  to	  be	  able	  to	  measure	  the	  movement	  of	  
the	  scapula.	  For	  the	  applications	   in	  this	  thesis	  this	  needs	  to	  be	  done	  non-­‐invasively	  and	  highly	  
dynamically.	  The	  thick	   layer	  of	  skin	  covering	  the	  scapula	  makes	  it	  difficult	  to	  track	  movements	  
with	  skin-­‐based	  methods.	  The	  existing	  techniques	  are	  discussed	  here.	  
3.3.1 Skin-­‐fixed	  techniques	  
Two	  skin-­‐fixed	  techniques	  are	  commonly	  used	  in	  the	  literature:	  the	  Scapula	  Tracker	  (ST)	  and	  the	  
Acromial	  Method	  (AM).	  The	  ST	  method	  involves	  the	  placement	  of	  a	  rigid	  but	  adjustable	  frame	  
over	  the	  centre	  of	  the	  scapula	  spine	  and	  onto	  the	  acromion	  (Figure	  3.3;	  Karduna	  et	  al.,	  2001).	  
This	   method	   has	   been	   used	   in	   a	   number	   of	   studies	   since	   it	   was	   first	   introduced	   (Scibek,	  
Carpenter	  &	  Hughes,	  2009,	  Tate	  et	  al.,	  2009,	  Ebaugh,	  McClure	  &	  Karduna,	  2006,	  Tsai,	  McClure	  &	  
Karduna,	  2003),	  although	  it	  has	  not	  been	  very	  widespread	  with	  all	  except	  one	  of	  these	  studies	  
from	  the	  group	  that	  originally	  developed	  the	  method.	  
	  
Figure	  3.3:	  The	  Scapula	  Tracker.	  The	  hinge	  joint	  conforms	  to	  subject’s	  scapular	  spine	  and	  the	  foot	  is	  positioned	  onto	  
the	  flat	  of	  the	  acromion	  (Karduna	  et	  al.,	  2001).	  
The	  other	  method,	  the	  AM,	  involves	  the	  placement	  of	  a	  single	  measurement	  device	  on	  the	  flat	  
part	  of	  the	  acromion	  to	  measure	  the	  scapula	  position	  and	  rotation	  (McQuade	  &	  Smidt,	  1998).	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This	  method	  has	  seen	  extensive	  use	  since	  its	  introduction,	  both	  with	  an	  electromagnetic	  sensor	  
(Figure	  3.4a;	  Meyer	  et	  al.,	  2008,	  Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007b,	  Fayad	  et	  al.,	  2006,	  
Karduna	  et	  al.,	  2001,	  McClure	  et	  al.,	  2001,	  Ludewig	  &	  Cook,	  2000,	  McQuade,	  Dawson	  &	  Smidt,	  
1998)	   and	   with	   a	   cluster	   of	   retro-­‐reflective	   markers	   (Figure	   3.4b-­‐d;	   van	   Andel	   et	   al.,	   2009,	  
Brochard,	  Lempereur	  &	  Remy-­‐Neris,	  2009).	  
	  
Figure	   3.4:	   The	   acromial	   method	   shown	   in	   four	   different	   studies:	   (a)	   with	   an	   electromagnetic	   tracking	   device	  
(Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007),	  (b)	  with	  active	  markers	  and	  optical	  tracking	  (van	  Andel	  et	  al.,	  2009),	  (c)	  
with	  passive	  markers	  and	  a	  large	  attachment	  site	  (Warner,	  Chappell	  &	  Stokes,	  2012),	  and	  (d)	  with	  passive	  markers	  
(Shaheen,	  2010).	  
The	  ST	  and	  AM	  have	  been	  compared	  to	  bone	  pins	  implanted	  into	  the	  scapula	  (Figures	  3.2	  and	  
3.5;	   Karduna	   et	   al.,	   2001).	   The	   ST	  method	   is	   found	   to	   be	  more	   accurate	   and	   independent	   of	  
humeral	  elevation	  angle	  in	  posterior	  tilt	  and	  external	  rotation,	  while	  the	  acromial	  method	  shows	  
less	  error	  at	  some	  angles	  of	  elevation	  in	  upward	  rotation.	  The	  ST	  was	  found	  to	  underestimate	  
upward	   rotation	   whereas	   the	   acromial	   method	   overestimated	   it	   (Karduna	   et	   al.,	   2001).	   This	  
overestimate	  may	  be	  surprising	  considering	  the	  nature	  of	  the	  movement	  of	  the	  scapula	  under	  
the	  skin.	   It	  has	  been	  suggested	  that	  this	   is	  the	  result	  of	  some	  motion	   interaction	  between	  the	  
various	  sensors	  (Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007b).	  The	  contraction	  of	  the	  deltoid	  may	  





sufficient	   for	   capturing	   the	   essence	   of	   the	  motion	   patterns,	   especially	   below	   120	   degrees	   of	  
elevation	  (Karduna	  et	  al.,	  2001).	  
	  	  	  	  	  	  	  	  	  	  	  
Figure	   3.5:	   Comparison	   of	   skin	   and	   bone	   based	   methods	   during	   scapular	   plane	   elevation.	   Each	   data	   point	  
represents	  the	  RMS	  errors	  of	  eight	  healthy	  subjects.	  Reproduced	  from	  (Karduna	  et	  al.,	  2001).	  
The	  AM	  has	  also	  been	  compared	   to	   the	  Palpator.	  One	  study	   (van	  Andel	  et	  al.,	  2009)	  makes	  a	  
comparison	   of	   their	   method	   to	   previous	  measurements	   (from:	  Meskers,	   van	   de	   Sande	   &	   de	  
Groot,	   2007b,	   Karduna	   et	   al.,	   2001)	   finding	   similar	   errors,	   and	   stating	   that	   the	   AM	   is	   a	   valid	  
method	  to	  detect	  abnormalities	  and	  differences	  above	  8.4°.	  Their	  computed	  accuracy	  in	  forward	  
flexion	   is	   in	   the	   same	   range	   (≈6°).	   However	   there	   were	   significant	   differences	   in	   the	   results	  
when	   the	   acromion	  device	  had	   to	  be	   replaced	   (van	  Andel	   et	   al.,	   2009).	  One	   limitation	  of	   the	  
study	  is	  that	  they	  only	  look	  at	  humeral	  elevations	  up	  to	  100	  degrees.	  
Another	  validation	  study	  used	  bi-­‐planar	  dynamic	  x-­‐rays	  to	  measure	  the	  errors	  in	  the	  AM	  (Chu	  et	  
al.,	   2012).	   This	   study	   found	   similar	   errors	   to	   the	   two	  previously-­‐discussed	   studies	   (Table	   3.1).	  
The	  high	  errors	  for	  internal/external	  rotation	  of	  the	  humerus	  are	  noteworthy.	  This	  finding	  was	  
also	  seen	  in	  a	  comparison	  of	  the	  AM	  to	  the	  Palpator	  (van	  Andel	  et	  al.,	  2009).	  Unfortunately	  the	  
ST	  method	  was	  not	  included	  in	  this	  analysis.	  
Fig. 4 Comparison of skin and bone based methods during scapular plane elevation. Each data point represents the
rms errors of the eight healthy subjects. „A… Posterior tilting, „B… external rotation, „C… upward rotation, „D… upward
rotation with a correction factor, „E… clavicular plane, „F… clavicular elevation.
Table 1 Root-mean-square errors for all rotations and experiments for all normal subjects. All data in degrees.



















Posterior tilt 4.7 6.2 3.8 4.6 6.6 8.6 7.3 3.7
Upward rotation 8.0 8.4 10.0 7.2 6.3 5.9 4.8 4.4
Upward rotation* 4.2 4.1 4.0 4.5 2.0 2.5 4.1 4.0
External rotation 3.2 3.8 5.0 4.4 9.4 11.4 10.0 6.2
Clavicular plane 1.2 1.2 2.0 1.1 2.6 2.6 2.6 2.6
Clavicular elevation 1.5 1.6 1.7 1.3 1.1 1.2 1.5 1.2
*Upward rotation with correction factor applied.
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Fig. 4 Comparison of skin and bone as d m thods during scapular plane elevation. Each d ta point repres nts the
rms errors of the eight healt y subjects. „A… Posteri r tilting, „B… external rot tion, „C… upward rotation, „D… upward
rotation w th a corre tion factor, „E… clavicular plane, „F… clavicular elevation.
Table 1 Root-mean-square errors for all rotations and experiments for all normal subjects. All data in degrees.



















Posterior ilt 4.7 6.2 3.8 4.6 6.6 8.6 7.3 3.7
Upward rotation 8.0 8.4 10.0 7.2 6.3 5.9 4.8 4.4
Upward rotation* 4.2 4.1 4.0 4.5 2.0 2.5 4.1 4.0
External rotation 3.2 3.8 5.0 4.4 9.4 11.4 10.0 6.2
Clavicu r plane 1.2 1.2 2.0 1.1 2.6 2.6 2.6 2.6
Clavicu r elevation 1.5 1.6 1.7 1.3 1.1 1.2 1.5 1.2
*Upward rotation wi h correction fact r applied.
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Fig. 4 Comparison of skin and bone based methods during scapular plane elevation. Each data point represents the
rms errors of the eight healthy subjects. „A… Posterior tilting, „B… external rotation, „C… upward rotation, „D… upward
rotation with a c rectio factor, „E… c vicu ar pl ne, „F… clavicular eleva ion.
Table 1 Root-mean-square errors for all rotations and experiments for all normal subjects. All data in degrees.



















Posterior tilt 4.7 6.2 3.8 4.6 6.6 8.6 7.3 3.7
Upward rotation 8.0 8.4 10.0 7.2 6.3 5.9 4.8 4.4
Upward rotation* 4.2 4.1 4.0 4.5 2.0 2.5 4.1 4.0
External rotation 3.2 3.8 5.0 4.4 9.4 11.4 10.0 6.2
Clavicular plane 1.2 1.2 2.0 1.1 2.6 2.6 2.6 2.6
Clavicular elevation 1.5 1.6 1.7 1.3 1.1 1.2 1.5 1.2
*Upward rotation with correction factor applied.
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Motion	  
Scapula	  measurement	  errors	   	  
	   Internal/External	   Upward/Downward	   Anterior/Posterior	   	  
	   Abduction	   3.8°	   6.9°	   5.3°	   	  
	   Scaption	   5.2°	   5.2°	   6.0°	   	  
	   Int/Ext	  rotation	   6.0°	   12.5°	   6.6°	   	  
Table	  3.1:	   Scapula	  RMS	  measurement	  errors	   found	   in	   the	   study	  of	  Chu	  et	  al.	   (2012).	   ‘Scaption’	   refers	   to	   scapula	  
plane	  abduction	  and	   ‘Int/Ext	   rotation’	   to	   the	   internal	  and	  external	   rotation	  of	   the	  humerus.	  The	   rotations	  of	   the	  
scapula	  have	  been	  presented	  in	  Chapter	  2.	  
A	  significant	  limitation	  in	  this	  bi-­‐planar	  x-­‐ray	  study	  (Chu	  et	  al.,	  2012)	  is	  that	  the	  AM	  device	  is	  not	  
shown.	  Figure	  3.4	  indicates	  that	  these	  devices	  vary	  significantly:	  some	  use	  very	  large	  attachment	  
areas	  (Figure	  3.4c;	  Warner,	  Chappell	  &	  Stokes,	  2012)	  that	  are	  likely	  to	  significantly	  increase	  soft	  
tissue	  interactions	  and	  others	  apply	  a	  large	  amount	  of	  tape	  that	  may	  also	  interfere	  with	  the	  AM	  
device	  (Figure	  3.4a	  and	  b;	  van	  Andel	  et	  al.,	  2009,	  Meskers,	  van	  de	  Sande	  &	  de	  Groot,	  2007).	  The	  
description	   of	   the	   device	   is:	   “triangular	   in	   shape	   with	   a	   reflective	   marker	   on	   each	   corner,	  
approximately	  3cm	  apart”	  (Chu	  et	  al.,	  2012).	  This	  is	  reminiscent	  of	  the	  device	  in	  Figure	  3.4c	  and	  
may	  thus	  suffer	  from	  the	  same	  limitation.	  
The	  position	  of	  attachment	  of	  markers	  on	  the	  scapula	  has	  been	  shown	  to	  affect	  the	  accuracy	  of	  
these	   skin-­‐fixed	   devices	   (Matsui,	   Shimada	   &	   Andrew,	   2006).	   The	   literature	   is	   generally	   quite	  
vague	  about	  the	  position	  of	  placement	  of	  these	  devices	  on	  the	  acromion,	  and	  where	  they	  are	  
not	   vague	   the	   position	   is	   not	   justified	   (Chu	   et	   al.,	   2012,	   Karduna	   et	   al.,	   2001).	   An	  MRI	   study	  
found	  the	  anterior	  edge	  of	   the	  acromion	  to	  be	  the	   least	  prone	  to	  displacements	  between	  the	  
skin	  and	  bone,	  followed	  by	  the	  posterior	  edge	  of	  the	  acromion	  (Figure	  3.6b;	  Matsui,	  Shimada	  &	  
Andrew,	   2006).	   This	   study	   did	   not	   consider	   rotations.	   Another	   study	   comparing	   to	   Palpator	  
measurements	  found	  the	  meeting	  point	  between	  the	  spine	  of	  the	  scapula	  and	  the	  acromion	  (on	  
the	   posterior	   edge	   of	   the	   acromion)	   to	   be	   significantly	   more	   accurate	   than	   other	   common	  
positions	   described	   in	   the	   literature	   (Figure	   3.6a;	   Shaheen,	   Alexander	   &	   Bull,	   2011a).	  
Unfortunately	   the	   MRI	   study	   did	   not	   compare	   to	   this	   position.	   The	   point	   on	   the	   posterior	  
portion	   of	   the	   acromion	   appears	   similar	   to	   position	   B	   (Figure	   3.6),	   found	   to	   be	   slightly	   less	  
accurate	  (Shaheen,	  Alexander	  &	  Bull,	  2011a).	  
It	  is	  somewhat	  surprising	  that	  less	  translation	  was	  seen	  at	  the	  anterior	  point	  on	  the	  acromion	  in	  
the	  MRI	   study	   (Matsui,	   Shimada	  &	  Andrew,	   2006)	   given	   the	   clear	   interaction	   that	   is	   possible	  
between	  the	  deltoid	  and	  this	  point	   (Figure	  3.7).	   It	  may	  be	  that	   the	  subjects	   in	   the	  study	  were	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less	  muscular	  than	  the	  one	  in	  Figure	  3.7,	  or	  that	  the	  position	  of	  the	  marker	  (1	  in	  Figure	  3.6b)	  was	  
more	  medial	   than	  the	  markings	   in	  Figure	  3.7.	  The	  fact	   that	   the	  rotations	  were	  not	  considered	  
may	  mean	  that	  what	  would	  be	  a	  tilting	  effect	  of	  the	  AM	  in	  Figure	  3.7	  would	  not	  be	  as	  significant	  
as	  the	  sliding	  of	  the	  bone	  underneath	  the	  skin	  in	  position	  2	  (Figure	  3.6b).	  
	  
Figure	  3.6:	  (a)	  Three	  positions	  of	  attachment	  for	  the	  Acromial	  Method	  tested	  in	  the	  study	  of	  Shaheen	  et	  al.(2011a).	  
Reproduced	  from	  (Shaheen,	  2010).	  (b)	  Two	  positions	  of	  attachment	  for	  the	  markers	  on	  the	  acromion	  in	  the	  study	  of	  
Matsui	  et	  al.(2006).	  Reproduced	  from	  (Matsui,	  Shimada	  &	  Andrew,	  2006).	  
Recent	  work	  has	  attempted	  to	  analyse	  the	  effects	  of	  deltoid	  contraction	  on	  an	  AM	  to	  track	  the	  
scapula	  (Shorter	  et	  al.,	  2010).	  Rather	  bizarrely	  for	  a	  study	  with	  this	  aim	  the	  position	  of	  the	  AM	  is	  
not	  described	  or	  shown	  and	  so	  the	  conclusions	  are	  of	  limited	  use.	  It	  was	  found,	  however,	  that	  
the	  activation	  of	  the	  deltoid	  (measured	  with	  EMG)	  had	  a	  minimal	  effect	  on	  the	  reliability	  of	  the	  
AM	   (Shorter	   et	   al.,	   2010),	  which	   is	   encouraging	   for	   the	   use	   of	   these	   skin-­‐fixed	   techniques	   in	  
athletic	  activities	  and	  may	  imply	  a	  more	  medial	  position	  was	  used.	  
Given	  the	  variability	  in	  attachment	  position	  in	  the	  literature	  (Figure	  3.4)	  and	  the	  new	  evidence	  
for	   the	   optimal	   position	   on	   the	   acromion	   (Shaheen,	   Alexander	   &	   Bull,	   2011a),	   a	   comparison	  
between	   the	   two	   skin-­‐fixed	   methods	   at	   the	   optimal	   attachment	   position	   in	   terms	   of	   joint	  
rotations	  is	  required.	  
Calibration	  of	  skin-­‐fixed	  methods	  with	  the	  Palpator	  has	  been	  suggested	  (Meskers,	  van	  de	  Sande	  
&	   de	  Groot,	   2007)	   to	   reduce	   errors	   caused	   by	   the	   positioning	   of	   these	  methods,	   particularly	  
prevalent	   at	   high	   humeral	   elevation.	   In	   previous	   studies	   using	   the	   ST,	   calibration	   with	   the	  
scapula	   landmarks	  has	  been	   in	  a	  neutral	  position	   i.e.	  with	  no	  humeral	  elevation	  (van	  Andel	  et	  
al.,	   2009,	  McClure	   et	   al.,	   2001,	   Karduna	   et	   al.,	   2001).	   This	   leads	   to	   increasing	  measurement	  
a" b"
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errors	  as	  the	  scapula	  moves	  away	  from	  the	  calibration	  position	  (van	  Andel	  et	  al.,	  2009,	  Karduna	  
et	   al.,	   2001);	   becoming	   large	   at	   higher	   angles	   of	   humeral	   elevation.	   A	   study	   looking	   at	   knee	  
kinematics	  (Cappello	  et	  al.,	  2005)	  analysed	  the	  use	  of	  two	  calibration	  points	  during	  a	  movement,	  
but	  this	  work	  has	  not	  previously	  been	  applied	  to	  the	  shoulder,	  and	  little	  work	  has	  been	  done	  to	  
find	  optimal	  calibration	  methodologies.	  
	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   3.7:	   (a)	   Three	   positions	   of	   the	   Acromial	   Method	   tested	   in	   Shaheen	   et	   al.	   (2011a)	   and	   (b)	   the	   clear	  
interference	   between	   the	  middle	   deltoid	   and	   the	   position	   on	   the	   anterior	   border	   of	   the	   acromion.	   Reproduced	  
from	  (Shaheen,	  2010).	  
It	   is	  particularly	  disappointing	  that	  the	  study	  of	  Chu	  et	  al.	   (2012),	  whilst	  using	  an	  invasive	  gold	  
standard	   measurement,	   fails	   to	   use	   the	   latest	   findings	   in	   the	   literature	   that	   suggest:	   an	  
optimised	  position	  of	  the	  skin-­‐fixed	  methods	  (Shaheen,	  Alexander	  &	  Bull,	  2011a),	  an	  improved	  
overall	   accuracy	   with	   the	   ST	   method	   (Karduna	   et	   al.,	   2001)	   and	   that	   calibration	   may	   be	  
important	  (Shaheen,	  Alexander	  &	  Bull,	  2011a,	  Cappello	  et	  al.,	  2005).	  Thus,	  there	  is	  still	  the	  need	  
for	  a	  validation	  of	  these	  methods	  with	  another	  gold	  standard	  measure.	  
3.3.2 Novel	  tracking	  methods	  
In	  addition	  to	  the	  common	  tracking	  methods	  discussed	  above,	  some	  more	  novel	  methods	  also	  
exist.	   The	   point	   cluster	  method	   (PCM)	   has	   previously	   been	   used	   in	   analysis	   of	   the	   knee	   joint	  
(Andriacchi	   et	   al.,	   1998).	   The	   method	   aims	   to	   provide	   a	   basis	   to	   determine	   the	   artefacts	  
associated	  with	  non-­‐rigid	  body	  movement	  of	  markers	  placed	  on	  the	  skin.	  The	  cluster	  of	  markers	  
is	  treated	  like	  a	  body	  of	  points,	  each	  with	  a	  mass.	  This	  is	  then	  used	  to	  identify	  and	  reduce	  any	  
non-­‐rigid	   body	   motions.	   One	   group	   has	   applied	   this	   method	   to	   the	   shoulder	   (Lempereur,	  
Brochard	  &	  Remy-­‐Neris,	  2008,	  Schwartz	  et	  al.,	  2007).	  Minimal	   information	   is	  given	  about	  how	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Although a significant difference in the RMSE values between the positions of 
attachment is only found with the upward rotation, Position C seem to give the smallest 
RMSE values for all rotations and this is also consistent with all the subjects included in 
the study as shown by the small standard errors for Position C. This is likely to be caused 
by the bulging of the deltoid beyond 90° of elevation which pushes the acromial tracker 
causing it to measure more external rotation and posterior tilt than the actual scapular 
movement as reflected in Figure 7-9 and Figure 7-11. The acromial tracker seems to be 
more affected by the contraction of the deltoid muscle when placed closer to the anterior 
edge as in Position A. However, some of the subjects who exhibited more muscular 
shoulders also showed high errors when the acromial tracker was placed in Position B; 
this was visually observed but not quantified. This explains the high standard errors 
shown in the table for positions A and B. On the other hand, Position C was the least 
affected by the deltoid contra tion and was found to be the best position to place the 
tracker in all participating subject. The effect of the position of attachment can also be 
clearly seen when the subject reaches maximum elevation as seen in Figure 7-12.  
 
Figure 7-12: Effect of deltoid contraction on tracker movement. a) acromial tracker attached to 
Position A, b) device attached to Position B, c) device attached to Position C and d) showing positions 
A, B and C at maximum elevation.  
The best elevation angles during calibration differed between the low and high ranges of 
abduction. For low elevations, 60° was found to b  the best calibration angle while for 
high elevation calibrating at 120° gave the smalle t errors. However, when the full range 
of motion is taken into c nsideration for the internal/external rotation and scapular tilt, 
calibrating at high elevation angles is found to introduce smaller average errors than when 
a b c d 
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the	  method	  was	   implemented.	   Also,	   it	   is	   known	   that	   this	  method	   cannot	   account	   for	   global	  
motion	  of	  the	  skin	  relative	  to	  the	  underlying	  skeletal	  structure	  (Andriacchi	  et	  al.,	  1998).	  
Another	  new	  approach	  was	  introduced	  in	  the	  same	  study	  and	  involved	  covering	  the	  area	  over	  
the	  scapula	  with	  retro-­‐reflective	  markers	  (Schwartz	  et	  al.,	  2007).	  The	  movement	  of	  these	  points	  
can	  then	  be	  used	  to	  track	  the	  scapula	  under	  the	  skin	  with	  shape	  matching	  techniques	  (Jacq	  et	  
al.,	   2008,	   Cresson	   et	   al.,	   2005,	   Fisher,	   2001).	   This	   technique	   may	   therefore	   give	   some	  
information	  about	  the	  skeletal	  movement	  underlying	  the	  soft	  tissue.	  
Results	  are	  difficult	   to	  compare	   to	  other	   studies	   since	   the	  subjects	  are	   lying	  down	  which	  may	  
affect	  scapula	  kinematics	  (Finley	  &	  Lee,	  2003).	  Also,	  these	  large	  marker	  cluster	  techniques	  have	  
not	   been	   validated	   against	   an	   established	   technique.	   This	   is	   essential	   before	   it	   can	   become	  
widely	  used.	  They	  have	  been	  compared	  to	  the	  ISB	  recommended	  motion	  capture	  method	  (Wu	  
et	   al.,	   2005),	   which	   involves	   attaching	   retro-­‐reflective	   markers	   directly	   to	   the	   skin	   over	   the	  
acromial	   angle,	   the	   inferior	   angle	  and	   the	   trigonum	  spinae.	   This	   ISB-­‐recommended	  method	   is	  
highly	  susceptible	  to	  skin	  deformation	  errors	  (Matsui,	  Shimada	  &	  Andrew,	  2006),	  and	  thus	  not	  a	  
particularly	  useful	  comparison.	  However,	  a	  more	  recent	  study	  using	  a	  similar	  technique	  covering	  
the	  area	  with	  markers	  compared	  the	  method	  with	  scapula	  rotations	   from	  palpated	   landmarks	  
taken	   in	   separate	   trials	   finding	  humerothoracic	  RMS	  differences	  of	  4°	  on	  average	   (Mattson	  et	  
al.,	  2012).	  Activities	  of	  daily	   living	  were	  tested	  and	  so	  comparison	  with	  skin-­‐fixed	  methods	  are	  
difficult,	  but	  putting	  hand	  to	  neck	  gave	  an	  RMS	  error	  of	  5.9°	  (Mattson	  et	  al.,	  2012)	  which	  is	  of	  
the	  same	  order	  and	  perhaps	  lower	  than	  the	  skin-­‐fixed	  techniques	  in	  a	  similar	  position	  (Section	  
3.3.1).	  This	   study	  used	  subjects	  with	  “prominent	   scapulae”	  only	   (Mattson	  et	  al.,	  2012)	  and	  so	  
the	  conclusions	  are	  limited	  for	  the	  wider	  population,	  particularly	  for	  clinical	  and	  athletic	  studies.	  
The	   introduction	   of	  more	   innovative	   tracking	  methods	   would	   be	   useful	   in	   this	   area.	   A	   study	  
recently	  developed	  a	  novel	  method	  to	  track	  axial	  rotations	  of	  the	  clavicle	  (Marchese,	  2000).	  This	  
method	   had	   a	   limited	   application	   area	   but	  may	   be	   useful	   in	   static	   studies.	   A	   novel	   dynamic	  
ultrasound	  method	  has	  been	  applied	  to	  the	  knee	  (Shih	  et	  al.,	  2004).	  Although	  difficult	  to	  apply	  
to	   the	   scapula	   given	   the	   significant	   attachment	   required,	   this	   method	   may	   be	   interesting	   if	  
applied	   to	   the	   rotations	   of	   the	   clavicle	   at	   the	   SC	   joint	   using	   the	   thorax	   as	   a	   solid	   base	   for	  
attachment.	   The	  new	  method	  with	  a	   scattering	  of	  markers	   is	   certainly	  promising	  and	  may	  be	  
suited	  to	  high	  speed	  and	   load	  activities.	  However,	   it	   is	  not	  clear	  what	  effect	  subcutaneous	   fat	  
will	  have	  on	  measurements	  and	  validation	  with	  a	  well-­‐established	  method	  is	  essential.	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3.3.3 Computational	  correction	  
Soft	  tissue	  artefacts	  have	  the	  same	  frequency	  content	  as	  the	  movement	  of	  the	  underlying	  bone	  
since	   they	   both	   originate	   from	   the	   same	   segment	  motion.	   This	   is	   in	   contrast	   to	   instrumental	  
errors	  that	  will	  result	  from	  errors	  in	  measurement	  or	  data	  transmission.	  Thus,	  standard	  filtering	  
techniques	  cannot	  be	  used	  to	  separate	  bone	  movement	  from	  soft	  tissue	  artefacts	  without	  the	  
introduction	  of	  false	  movement	  patterns	  or	  loss	  in	  joint	  kinematics	  information	  (Leardini	  et	  al.,	  
2005,	   Cappozzo	   et	   al.,	   1996).	   Several	   techniques	   have	   been	   suggested	   in	   the	   lower	   limb	   to	  
reduce	  errors	  caused	  by	  the	  relative	  skin	  movement.	  The	  techniques	  generally	  rely	  on	  the	  fact	  
that	  the	  soft	  tissue	  artefact	   is	  distorting	  the	  position	  of	  the	  markers	  relative	  to	  each	  other	   i.e.	  
they	  are	  not	  behaving	  as	  a	  rigid	  body	  (Cheze,	  Fregly	  &	  Dimnet,	  1995,	  Soderkvist	  &	  Wedin,	  1993).	  
Other	   techniques	   use	   joint	   constraints	   to	   correct	   for	   these	   artefacts	   (Lu	   &	   O'Connor,	   1999),	  
while	   some	   use	   task	   and	   subject-­‐specific	   compensation	   techniques	   (Karduna	   et	   al.,	   2001,	  
Andriacchi	  et	  al.,	  1998,	  Lucchetti	  et	  al.,	  1998).	  
None	  of	   the	  proposed	  solutions	   in	  the	   literature	  have	  been	  found	  to	  be	  reliable	   (Taylor	  et	  al.,	  
2005,	  Leardini	  et	  al.,	  2005).	  It	  is	  recommended	  that	  significant	  ad	  hoc	  experiments	  are	  done	  on	  
subject-­‐specific	  movement	  patterns	  or	  on	  a	  large	  population	  performing	  the	  same	  task	  (Leardini	  
et	  al.,	  2005,	  Stagni	  et	  al.,	  2005).	  However,	  these	  require	  significant	  increase	  in	  time	  required	  and	  
may	   be	   impractical.	   Inclusion	   of	   joint	   constraints	   is	   also	   seen	   as	   something	   that	   may	   yield	  
acceptable	  solutions	  (Leardini	  et	  al.,	  2005).	  Given	  the	  uncertainties	  in	  joint	  position	  in	  the	  upper	  
limb	   (Lempereur	   et	   al.,	   2010),	   the	   variations	   of	   joint	   centres	   throughout	   general	   activities	  
(Section	  2.3.2)	  and	  the	  very	  small	  distance	  between	  the	  GH	  and	  AC	   joints	   (that	  would	   lead	  to	  
very	   high	   sensitivity)	   these	   methods	   may	   need	   further	   development	   before	   being	   fully	  
applicable	  in	  general	  upper	  limb	  studies.	  
Application	  of	  soft	  tissue	  artifact	  reduction	  techniques	  has	  been	  applied	  in	  a	  few	  studies	  of	  the	  
upper	  limb	  (Cutti,	  Cappello	  &	  Davalli,	  2006,	  Cutti	  et	  al.,	  2005,	  Roux	  et	  al.,	  2002,	  Schmidt	  et	  al.,	  
1999),	  none	  of	  which	   considered	   the	   scapula	   region.	  As	  discussed	  with	   the	   technique	  using	  a	  
scattering	  of	  markers	  (Section	  3.3.2)	  these	  methods	  are	  unable	  to	  account	  for	  the	  bone	  sliding	  
underneath	   the	   whole	   area	   of	   markers	   on	   top.	   Calibration	   techniques	   have	   already	   been	  




The	   gold	   standard	  measurement	   techniques	   all	   use	   different	  methods	   to	  manually	   overcome	  
the	  soft	  tissue	  artefacts	  (Section	  3.2).	  These	  methods	  then	  suffer	  from	  only	  being	  applicable	  in	  
static	  or	  relatively	  slow	  dynamic	  movements	  in	  a	  small	  capture	  volume.	  
3.3.4 Data	  capture	  methods	  
Electromagnetic	   systems	   have	   been	   used	   in	   many	   of	   the	   discussed	   studies,	   but	   they	   have	   a	  
number	   of	   drawbacks	   for	   higher	   speed	   activities.	   These	   systems	   involve	   the	   use	   of	   an	  
electromagnetic	  sensor	  and	  a	  receiver.	  Motion	  capture	  systems	  are	  the	  predominant	  alternative	  
and	  use	  retro-­‐reflective	  markers	  with	  high-­‐speed	  infrared	  cameras.	  
Electromagnetic	   systems	   have	   lower	   sampling	   rates	   and	   substantial	   cable	   artefacts	   can	   occur	  
where	  there	  are	  rapid	  changes	  in	  velocity	  (Meyer	  et	  al.,	  2008).	  It	  has	  also	  been	  suggested	  that	  
the	  cables	  may	  cause	  some	  change	  in	  the	  nature	  of	  the	  motion	  (Meyer	  et	  al.,	  2008).	  
A	  study	  looking	  at	  the	  accuracy	  of	  the	  ‘Flock	  of	  Birds’	  electromagnetic	  system	  (Bull,	  Berkshire	  &	  
Amis,	  1998)	  found	  that	  the	  system	  was	  suitable	  for	  work	  in	  a	  relatively	  limited	  space	  around	  the	  
transmitter	  unit,	   i.e.	   joint	  movements	   in	  an	  otherwise	  stationary	  patient.	  This	   is	  unsuitable	  for	  
analysis	   of	   athletic	   activities	   like	   throwing	   or	   pull-­‐ups.	   Another	   study	   found	   that	   the	   video	  
system	  was	   better	   for	   angular	   displacement	   and	   velocity	  measurements	   (McQuade,	   Parker	  &	  
Rodgers,	  2000).	  However,	  the	  singular	  advantage	  is	  that	  direct	  line-­‐of-­‐sight	  does	  not	  need	  to	  be	  
maintained	  between	  the	  receivers	  and	  transmitter,	  as	  is	  the	  case	  with	  video-­‐based	  methods.	  
3.4 Athletic	  kinematics	  
When	   analysing	   athletic	   function	   there	   are	   compounding	   factors	   to	   be	   considered	   in	   the	  
measurement	   of	   upper	   limb	   kinematics.	   These	   activities	   lead	   to	   the	   onset	   of	   a	   number	   of	  
pathologies	   (Gerdes,	   Hafner	   &	   Aldag,	   2006,	   Kibler,	   1998,	   Abrams,	   1991),	   but	   are	   difficult	   to	  
measure	   since	   they	   are	   likely	   to	   explore	   the	   extreme	   range	  of	  motion	   and	   require	   significant	  
muscle	  contractions.	  Loading	  would	  also	  be	  expected	  to	  influence	  the	  bony	  kinematics.	  
Studies	   looking	   at	   athletic	   shoulder	   function	   have	   tended	   to	   extrapolate	   from	   static	   results	  
either	  directly	  (Meyer	  et	  al.,	  2008)	  or	  with	  regression	  equations	  based	  on	  static	  results	  (Happee	  
&	  Van	  der	  Helm,	  1995,	  Runciman,	  1993)	  or	  individual	  regression	  equations	  (van	  Drongelen,	  van	  
der	  Woude	  &	  Veeger,	  2011,	  Veeger,	  van	  der	  Helm	  &	  Rozendal,	  1993).	  Skin-­‐fixed	  methods	  have	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been	   used	   in	   dynamic	   activities	   (Nikooyan	   et	   al.,	   2010)	   or	   the	   scapula	   has	   simply	   not	   been	  
considered	  in	  many	  studies	  of	  athletic	  activity.	  
3.4.1 Speed	  
There	  is	  some	  controversy	  in	  the	  literature	  regarding	  the	  effect	  of	  speed	  on	  scapula	  kinematics,	  
particularly	   whether	   or	   not	   static	   readings	   can	   be	   extrapolated	   to	   represent	   dynamic	  
movement.	   Many	   of	   the	   gold	   standard	   methods	   discussed	   (Section	   3.2)	   are	   accurate	   but	  
inherently	  static	  or	  only	  applicable	  in	  slow	  movements.	  This	  conflict	  associated	  with	  the	  effect	  
of	  movement	  speed	  on	  scapula	  kinematics	  is	  relevant	  since	  athletic	  activities	  are	  being	  analysed.	  
The	   literature	   looking	   at	   this	   effect	   is	   limited,	   with	   only	   one	   study	   considering	   the	   three-­‐
dimensional	   nature	   of	   the	   scapula	  movement	   and	   none	   investigating	   anything	   approaching	   a	  
maximal	  speed	  (Table	  3.2).	  
The	  first	  study	  to	  examine	  high-­‐speed	  kinematics	  (Michiels	  &	  Grevenstein,	  1995)	  found	  that	  the	  
contribution	  of	   the	  glenohumeral	   rotation	   to	  abduction	   is	  greater	   in	   slow	  movements	   than	   in	  
fast	  movements,	   but	   differences	  were	  negligibly	   small.	   The	   study	  used	   two-­‐dimensional	   x-­‐ray	  
images	  at	  a	  very	   low	  sampling	   frequency;	  only	   the	  upward/downward	   rotation	  of	   the	  scapula	  
could	  therefore	  be	  studied.	  The	  speed	  of	  the	  movement	  would	  mean	  that	  arm	  abduction	  took	  
around	   two	   seconds	   or	   four	   seconds	   in	   the	   two	   speeds	   (speed	  was	   self-­‐selected;	   Table	   3.2).	  
These	  speeds	  are	  both	  relatively	  slow	  and	  the	  two	  dimensional	  conclusions	  are	  limited.	  
A	  later	  study	  (de	  Groot,	  Valstar	  &	  Arwert,	  1998)	  found	  that	  the	  kinematics	  of	  the	  shoulder	  could	  
be	  derived	  by	   the	   interpolation	  of	   statically	   recorded	  positions	  of	   the	  bones.	  Again	   this	  was	  a	  
two-­‐dimensional	   study	   and	   therefore	   a	   poor	   representation	   of	   the	   scapula’s	   motion.	   The	  
analysed	  speeds	  reached	  a	  maximum	  when	  the	  motion	  took	  around	  two	  seconds	  (at	  enforced	  
speeds;	  Table	  3.2),	  so	  application	  to	  athletic	  activities	  is	  limited.	  This	  study	  does	  point	  out	  that	  
the	  extrapolation	  of	   static	  measures	   is	   only	   valid	   at	   sub-­‐maximal	   speeds	   (de	  Groot,	  Valstar	  &	  
Arwert,	  1998).	  
Research	   using	   a	   goniometer	   and	   ST	   method	   (Johnson,	   McClure	   &	   Karduna,	   2001)	   found	   a	  
difference	   in	   scapular	   upward	   rotation	   in	   static	   versus	   dynamic	   humeral	   elevation	   in	   the	  
scapular	  plane	  (the	  two	  other	  rotations	  were	  not	  presented).	  The	  larger	  sample	  size	  in	  this	  study	  
Chapter	  3	  
	  70	  
(Table	   3.2)	  may	  make	   the	   conclusions	  more	   valid.	   It	   seems	   reasonable	   that	   the	   action	  of	   the	  
muscles	  in	  a	  dynamic	  movement	  could	  affect	  the	  kinematics	  of	  the	  bone	  they	  are	  attached	  to.	  
	   	   	   	   	   	   	  
Study	   Sample	  size	   Motion	  
Scapula	  





(Michiels	  &	  Grevenstein,	  
1995)	  
38	   Scaption	   Up/Down	   34°/s	  (4.0s)	  70°/s	  (2.0s)	   X-­‐rays	   1.92	  Hz	  
	   	   	   	   	   	   	  




X-­‐rays	   50	  Hz	  
	   	   	   	   	   	   	  




3D	  EM	  system	  
Not	  
specified	  
	   	   	   	   	   	   	  
(Sugamoto	  et	  al.,	  2002)	   19	   Scaption	   Up/Down	   0.25Hz	  (4.0s)	  0.5Hz	  (2.0s)	   Fluoroscopy	   7.5	  Hz	  
	   	   	   	   	   	   	  




3D	  EM	  system	   30	  Hz	  
Table	  3.2:	  Details	  of	  the	  five	  available	  studies	  in	  the	  literature	  analysing	  the	  effect	  of	  speed	  on	  scapula	  kinematics.	  
‘Up/Down’	   in	   the	   scapula	   rotation	   column	   refers	   to	   upward/downward	   rotation	   of	   the	   scapula.	   The	   ‘speeds’	  
column	  refers	  to	  the	  elevation	  of	  the	  humerus	  (°/s)	  or	  the	  frequency	  of	  the	  motion	  (Hz),	  the	  time	  to	  complete	  the	  
motion	  is	  include	  in	  parenthesis	  for	  comparison.	  ‘EM’	  refers	  to	  electromagnetic.	  *	  Indicates	  that	  the	  speed	  was	  not	  
presented	  (described	  as	  active	  arm	  elevation).	  Table	  adapted	  from	  (Villette,	  2012).	  
A	  fluoroscopy	  study	  (Sugamoto	  et	  al.,	  2002)	  found	  that	  glenohumeral	  and	  scapulothoracic	  ratios	  
were	  not	  fixed	  at	  high	  speed	  and	  differed	  significantly	  from	  those	  at	  low	  speeds.	  These	  speeds	  
were	   the	   same,	   on	   average,	   to	   the	   previous	   studies	   (Table	   3.2).	   The	   applicability	   to	   athletic	  
activities	   is	   thus	   limited,	   again.	   The	   two-­‐dimensional	   nature	   of	   the	   results	   is	   a	   significant	  
limitation	  (Sugamoto	  et	  al.,	  2002).	  
The	   most	   recent	   work	   on	   the	   subject	   (Fayad	   et	   al.,	   2006)	   has	   utilised	   three-­‐dimensional	  
recording	  methods	  with	  a	  good	  sample	   size	   (Table	  3.2)	  and	  concluded	   that	   scapular	   rotations	  
did	  not	  differ	  between	  fast	  and	  slow	  movements.	  The	  study	  also	  concluded	  that	  interpolation	  of	  
statically-­‐recorded	  scapula	  rotations	  was	  not	  representative	  of	  dynamic	  scapula	  kinematics.	  The	  
AM	  method	  was	  used	  although	  it	  is	  not	  clear	  exactly	  where.	  It	  is	  presumed	  that	  the	  optimized	  
placement	  of	   this	  method	  was	  not	  used	   (Shaheen,	  Alexander	  &	  Bull,	  2011a),	  and	   its	  accuracy	  
remains	   lower	   in	  general	   than	   the	  ST	  method	   (Karduna	  et	  al.,	  2001).	  The	  speeds	   in	   this	   study	  
were	  the	  highest	  presented,	  but	  still	  small	  compared	  to	  athletic	  movements.	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A	   limitation	  of	   the	   presentation	  of	   all	   the	   studies	   discussed	   in	   this	   section	   is	   that	   there	   is	   no	  
discussion	  of	   quantitative	   evaluations	  or	   control	   of	   the	  plane	  of	   elevation	   in	   the	  movements.	  
Although	   one	   study	   used	   an	   apparatus	   to	   constrain	   the	   feet	   and	   head	   (de	   Groot,	   Valstar	   &	  
Arwert,	  1998),	  the	  effect	  of	  this	  was	  not	  discussed.	  The	  latest	  study	  (Fayad	  et	  al.,	  2006)	  looked	  
at	   and	   compared	   three	   planes	   of	   elevation,	   finding	   significant	   differences	   in	   scapula	   rotation	  
between	  the	  planes.	  These	  findings	  are	  consistent	  with	  other	   literature	  (Ludewig	  et	  al.,	  2009).	  
However,	   the	   control	   of	   the	   plane	   of	   movement	   in	   the	   study	   (Fayad	   et	   al.,	   2006)	   is	   not	  
mentioned.	   Since	   the	   plane	   has	   a	   significant	   effect	   on	   scapula	   kinematics	   it	   is	   vital	   that	   this	  
parameter	  is	  controlled	  or	  considered	  in	  some	  way.	  
For	  high	  loading	  overhead	  activities,	  such	  as	  those	  studied	  in	  this	  thesis,	  static	  performance	  of	  
these	  motions	  will	  significantly	  affect	  the	  technique	  and	  so	  it	  is	  not	  possible	  to	  interpolate	  static	  
results.	  Since	  muscle	  activation	  has	  been	  shown	  to	  influence	  scapula	  kinematics,	  as	  compared	  to	  
passive	  movement,	   it	  seems	  sensible	  that	  very	  high	  muscle	  activation,	  either	  through	  external	  
loading	  or	  high	  speed	  movements,	  would	   similarly	   lead	   to	  differences	   in	  kinematics.	   It	   is	   thus	  
useful	  to	  explore	  the	  alterations	  in	  kinematics	  under	  different	  speeds	  and	  loads	  since	  these	  will	  
relate	   to	   the	   joint	   loads	   in	   the	   shoulder	   and	   the	   muscle	   actions	   under	   different	   conditions,	  
which	  is	  a	  key	  focus	  in	  this	  thesis.	  
3.4.2 Loading	  
There	   is	   also	   some	   controversy	   about	   the	   effects	   of	   external	   loading	   of	   the	   humerus	   on	   the	  
kinematics	  of	  the	  scapula	  (Pascoal	  et	  al.,	  2000).	  Two	  studies	  found	  no	  significant	  effect	  due	  to	  
external	   loads	   (de	   Groot,	   1998,	  Michiels	   &	   Grevenstein,	   1995),	   while	   three	   found	   significant	  
correlation	  (Kon	  et	  al.,	  2008,	  Pascoal	  et	  al.,	  2000,	  McQuade	  &	  Smidt,	  1998).	  
The	  first	  study	  that	  did	  not	  find	  an	  effect	  was	  a	  two-­‐dimensional	  x-­‐ray	  study	  that	  applied	  a	  2kg	  
load	   in	   scaption	   (Michiels	   &	   Grevenstein,	   1995).	   As	   with	   the	   studies	   of	   speed	   the	   two-­‐
dimensional	  nature	  of	  the	  study	  limits	  the	  study	  because	  changes	  around	  the	  other	  axes	  are	  not	  
measured	   and	   the	   inherently	   three-­‐dimensional	  motion	   is	   projected	   into	   two	   (de	   Groot,	   van	  
Woensel	  &	  van	  der	  Helm,	  1999).	  The	  other	  study	  to	  find	  no	  effect	  looked	  at	  the	  effect	  of	  a	  2.9kg	  
load	   in	   ten	   subjects	   with	   palpation	   (de	   Groot,	   1998).	   The	   advantage	   in	   this	   study	   is	   that	   it	  
considers	  the	  three	  dimensional	  movement.	  However,	   it	  was	  stated	  that	  a	  number	  of	  subjects	  
had	  to	  be	  supported	  due	  to	  tiredness	  before	  measurements	  were	  continued	  (de	  Groot,	  1998).	  
Fatigue	  in	  the	  subjects	  is	  a	  serious	  concern	  since	  it	  has	  been	  shown	  to	  significantly	  alter	  scapula	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kinematics	   –	   reducing	   scapula	   upward	   rotation,	   external	   rotation	   and	   posterior	   tilt	   (Tsai,	  
McClure	   &	   Karduna,	   2003).	   Secondly,	   the	   initial	   position	   of	   the	   shoulder	   may	   have	   a	   strong	  
effect	  on	  the	  subsequent	  kinematics	  (Pascoal	  et	  al.,	  2000);	   if	  the	  subjects	  are	  rested	  it	   is	   likely	  
that	   the	  kinematics	  will	  be	  affected	  once	  they	  resume	  active	  motion.	  Note	  that	  active	  motion	  
has	   been	   shown	   to	   give	   different	   kinematics	   to	   passive	   motion,	   implying	   that	   the	   muscle	  
activation	   is	   important	   in	  determining	  kinematics	  (McQuade	  &	  Smidt,	  1998).	  A	  relatively	  small	  
(n=10)	  static	  study	  showed	  differences	  below	  50°	  of	  humeral	  elevation	  but	  did	  not	  find	  them	  to	  
be	  significant	  (Price	  et	  al.,	  2000).	  
The	  studies	  finding	  a	  relationship	  between	  load	  and	  kinematics	  are	  considered	  more	  convincing.	  
A	   single	   plane	   fluoroscopy	   study	   used	   registration	   of	   three-­‐dimensional	   bone	   models	   to	   the	  
two-­‐dimensional	   images	  (Kon	  et	  al.,	  2008).	  Whilst	  this	   is	  still	  a	  two-­‐dimensional	   imaging	  study	  
the	  use	  of	  a	  three-­‐dimensional	  bone	  model	  should	  reduce	  the	  projection	  errors.	  During	  dynamic	  
shoulder	  motion	  (as	  opposed	  to	  the	  static	  motion	  in	  the	  previous	  studies)	  in	  ten	  subjects	  there	  
was	  found	  to	  be	  less	  upward	  rotation	  of	  the	  scapula	  through	  the	  middle	  of	  scaption	  with	  a	  3kg	  
load	   (Kon	  et	  al.,	  2008).	  A	   larger	  study	  of	   thirty	  subjects	  used	  a	  Palpator	   to	   record	   the	  scapula	  
during	  static	   incremental	  elevation	  of	   the	  arm	  during	  abduction,	   scaption	  and	   forward	   flexion	  
(Pascoal	  et	  al.,	  2000).	  The	  use	  of	  the	  Palpator	  seems	  to	  have	  reduced	  fatigue	  thus	  mitigating	  the	  
need	  for	  rest,	  as	  subjects	  paused	  at	  20°	  intervals	  for	  just	  one	  second	  (Pascoal	  et	  al.,	  2000).	  The	  
effects	  of	   fatigue	  may	  still	  be	  of	   importance,	  however,	  given	  that	   the	  subjects	  were	  holding	  a	  
maximum	  weight	  of	  4kg.	  The	  work	  indicates	  significant	  effects	  on	  the	  scapula	  rotations	  by	  the	  
load	  in	  all	  three	  planes	  of	  elevation:	  more	  upward	  rotation	  and	  posterior	  tilt	  in	  forward	  flexion,	  
more	  internal	  rotation	  in	  scaption	  and	  less	  internal	  rotation	  in	  abduction	  (Pascoal	  et	  al.,	  2000).	  
The	  only	  study	  to	  look	  at	  maximal	  loading	  (McQuade	  &	  Smidt,	  1998)	  used	  the	  AM	  method	  with	  
an	  electromagnetic	  system	  to	  study	  scaption	  in	  25	  subjects.	  This	  study	  only	  presented	  upward	  
rotation	   of	   the	   scapula	   in	   terms	   of	   the	   scapulohumeral	   rhythm,	   defined	   as	   the	   ratio	   of	  
glenohumeral	  elevation	  to	  scapulothoracic	  upward	  rotation	  (McQuade	  &	  Smidt,	  1998).	  This	  was	  
the	  case	  in	  most	  of	  the	  two-­‐dimensional	  studies	  discussed	  in	  this	  Section	  (3.4).	  High	  load	  caused	  
a	  smaller	  ratio	  (GH/scapulothoracic)	  at	  low	  elevation,	  then	  an	  increased	  ratio	  at	  high	  elevation.	  
The	  kinematics	  of	  loaded	  dynamic	  activities	  need	  to	  be	  measured	  during	  the	  performance	  of	  the	  
activity	  being	  studied	  because,	  as	  shown,	   the	  speed	  and	   loading	   is	   likely	   to	  significantly	  effect	  
the	  kinematics	  of	   the	  scapula.	  Additionally,	  even	   if	  external	   loads	  do	  not	  affect	   the	  scapula,	   it	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seems	  unreasonable	  to	  think	  that	  added	  weight	  would	  not	  affect	  the	  overall	  kinematics	  of	  the	  
subject.	  For	  example,	  consider	  performing	  a	  shot	  put	  action	  with	  a	  tennis	  and	  then	  steel	  ball,	  or	  
an	  assisted	  compared	  to	  a	  full	  body	  weight	  pull-­‐up.	  The	  kinematics	  of	  the	  subject	  should	  differ	  
in	   these	   examples.	   The	   magnitude	   and	   direction	   of	   external	   arm	   load	   has	   been	   shown	   to	  
influence	   the	   activation	   of	   selected	   muscles	   in	   the	   shoulder	   (Steenbrink	   et	   al.,	   2009).	   Thus	  
investigation	   of	   highly	   loaded	   athletic	   activities	   should	   combine	   the	   analysis	   of	   kinematics,	  
external	  forces	  and	  muscle	  forces	  in	  order	  to	  understand	  the	  behaviour	  of	  the	  whole	  system.	  
It	   is	   also	   worth	   noting	   that	   a	   number	   of	   the	   studies	   described	   specifically	   in	   this	   section	  
mentioned	   the	   large	   inter-­‐subject	   variation	   in	   kinematics	   and	   thus	   highlight	   the	   individual	  
nature	   of	   kinematics	   (Pascoal	   et	   al.,	   2000,	   de	   Groot,	   van	   Woensel	   &	   van	   der	   Helm,	   1999,	  
McQuade	  &	  Smidt,	  1998,	  Michiels	  &	  Grevenstein,	  1995),	  but	  this	  variation	  may	  not	  be	  increased	  
with	  increased	  load	  (de	  Groot,	  van	  Woensel	  &	  van	  der	  Helm,	  1999).	  This	  further	  emphasises	  the	  
need	  for	  improved	  and	  universally	  applicable	  measurement	  methods.	  
3.5 Conclusions	  
− The	  available	  gold	  standard	  measures	  of	  scapula	  kinematics	  have	  been	  presented	  and	  it	  
is	   noted	   that	   none	   of	   them	   are	   suitable	   for	   use	   in	   athletic	   movements.	   Palpation	  
methods	  are	  shown	  to	  have	  errors	  in	  the	  same	  order	  of	  magnitude	  as	  bone	  pins,	  x-­‐ray	  
techniques	  and	  MRI.	  
− The	  importance	  of	  measuring	  shoulder	  kinematics	  in	  high-­‐load	  and	  high-­‐speed	  activities	  
has	   been	   highlighted	   as	   the	   kinematics	   has	   been	   shown	   to	   change	   under	   these	  
conditions.	  The	  differences	  are	   important	   in	  musculoskeletal	  models	  of	  the	  upper	   limb	  
where	  joint	  kinematics	  is	  the	  primary	  input.	  
− The	   validation	   of	   skin-­‐fixed	   techniques	   has	   been	   discussed,	   concluding	   that	   a	  
comparison	  between	  the	  two	  available	  methods	   is	  needed	   in	  optimal	  positions	  on	  the	  
acromion	   and	   with	   improved	   calibration	   methods	   to	   determine	   an	   optimal	  
methodology.	  
− Skin-­‐fixed	  methods	  are	  currently	  most	  the	  most	  suitable	  for	  the	  measurement	  of	  high-­‐
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This	   chapter	   reviews	   the	   utility	   of	   musculoskeletal	   models.	   The	   accuracy	   of	   model	   inputs,	  
modelling	   techniques	   and	  model	   sensitivity	   is	   then	   the	  main	   technical	   review.	   Collection	   and	  
comparison	   of	   these	   parameters	   is	   vital	   to	   understanding	   disagreements	   between	   model	  
outputs.	   Trends	   in	   shoulder	   modelling	   are	   highlighted;	   validation	   through	   instrumented	  
prostheses,	   increasing	   openness	   and	   strictly	   constrained,	   optimised,	   measured	   kinematics.	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4.1 Introduction	  
The	  subject	  of	  this	  review	  is	  musculoskeletal	  models	  of	  the	  shoulder	  which,	  when	  validated,	  can	  
be	   used	   to	   understand	   the	   functioning	   of	   the	   shoulder	   joint	   in	   a	   range	   of	   situations.	   Many	  
parameters	  in	  the	  shoulder	  cannot	  currently	  be	  measured	  directly	  and	  musculoskeletal	  models	  
provide	   insight	   into	   these	   parameters,	   predicting	   the	   mechanics	   of	   the	   system,	   neurological	  
control	   and	   the	   loading	   applied	   to	   the	   morphological	   structures.	   These	   predictions	   help	   to	  
analyse	   the	   causes	   of	   pathology,	   optimal	   treatment	   techniques	   (rehabilitation,	   surgery	   and	  
implant	  design),	  strategies	  for	  avoidance	  of	  pathology,	  and	  methods	  to	  increase	  performance	  or	  
enhance	  function.	  The	  current	  state	  of	  models	  and	  progress	  in	  these	  areas	  is	  reviewed	  here.	  
The	  lack	  of	  appropriate	  validation	  has	  previously	  been	  highlighted	  as	  a	  cause	  of	  a	  perceived	  lack	  
of	  success	  for	  these	  models	  in	  a	  clinical	  setting	  (Favre,	  Snedeker	  &	  Gerber,	  2009,	  Erdemir	  et	  al.,	  
2007),	   although	   recently	   in-­‐vivo	   joint	   contact	   forces	   from	   instrumented	   implants	   have	   been	  
measured	  and	  used	  to	  validate	  musculoskeletal	  models	  of	  the	  shoulder	  (Nikooyan	  et	  al.,	  2010).	  
This	  combined	  with	  the	  increasing	  accessibility	  of	  these	  models	  (for	  example;	  Delp	  et	  al.,	  2007)	  
necessitates	  a	  fresh	  review	  of	  those	  available	  and	  their	  utility.	  A	  detailed,	  technical	  comparison	  
of	  model	  inputs	  is	  required	  to	  understand	  differences	  between	  model	  outputs	  and	  error	  sources	  
of	  those	  inputs	  but	  this	  is	  currently	  lacking	  in	  the	  literature.	  
The	  3-­‐D	  biomechanical	  shoulder	  models	  that	  are	  capable	  of	  predicting	  muscle	  and	  joint	  contact	  
forces	  are	  reviewed	  and	  their	  differences	  and	  possible	  limitations	  are	  described.	  The	  aim	  of	  this	  
review	  is	  to	  summarise	  key	  trends	  in	  shoulder	  modelling,	  to	  provide	  a	  critique	  of	  these	  and	  of	  
their	  clinical	  utility,	  and	  then	  to	  propose	  future	  research	  foci	  in	  the	  musculoskeletal	  modelling	  of	  
the	  shoulder.	  
4.2 Scope	  and	  Intention	  of	  Shoulder	  Models	  
Shoulder	  models	  seek	  to	  quantify	  loading	  and	  muscle	  activations.	  In	  their	  current	  state	  models	  
are	   powerful	   tools	   for	   general	   analyses	   of	   movement	   actuation	   and	   gross	   approximation	   of	  
loading	  patterns.	  A	  number	  of	  studies	  have	  taken	  this	  general	  view:	  predicting	  the	  loads	  present	  
in	   ADLs	   (Charlton	  &	   Johnson,	   2006,	   Scepi	   et	   al.,	   2004,	   Praagman	   et	   al.,	   2000,	   Laursen	   et	   al.,	  
1998)	   and,	   in	   particular,	   for	  wheelchair	   constrained	  movements	   (Arnet	   et	   al.,	   2012,	  Morrow,	  
Kaufman	  &	  An,	  2010,	  Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002).	  The	  results	  are	  important	  since	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they	   seek	   to	   describe	   the	   normal	   loading	   conditions	   of	   the	   shoulder,	   vital	   when	   quantifying	  
abnormal	  loading.	  In	  the	  case	  of	  wheelchair	  propulsion	  modelling	  studies	  can	  help	  to	  determine	  
chair	   designs,	   understand	   practices	   that	   encourage	   the	   onset	   of	   pathology	   and	   help	   prevent	  
overloading	  injuries	  (Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002).	  ADLs	  also	  have	  implications	  for	  
rehabilitation	   planning:	   understanding	   the	   acceptable	   normal	   loads	   applied	   to	   the	   shoulder,	  
how	   abnormal	   movements	   influence	   internal	   forces	   and	   which	   activities	   may	   need	   to	   be	  
avoided.	  
There	   is	   little,	   if	   any,	   published	   material	   about	   direct	   application	   of	   models	   to	   general	  
rehabilitation	   strategy.	   Better	   collaboration	   across	   physiotherapists	   and	   engineers,	   with	   an	  
increased	  focus	  on	  cohesive	  user-­‐interfaces	  in	  recent	  years	  (for	  example	  OpenSim	  &	  AnyBody)	  
may	   allow	   this	   more	   quantitative	   approach	   to	   rehabilitation	   to	   be	   realised.	   It	   has	   been	  
suggested	  that	  individual	  muscle	  function	  data	  may	  be	  used	  to	  assist	  the	  diagnosis	  of	  abnormal	  
shoulder	   function	   (for	   example	   muscle	   paralysis	   or	   rotator	   cuff	   tears),	   as	   well	   as	   having	  
applications	  in	  rehabilitation	  design	  (Yu,	  Ackland	  &	  Pandy,	  2011).	  However,	  real-­‐time	  application	  
of	  models	  or	  highly	   subject-­‐specific	  usage	   is	  not	  currently	   suitable,	  although	   this	  would	  be	  an	  
important	  clinical	  area	  to	  develop.	  
The	  effects	  of	  joint	  replacements	  on	  shoulder	  mechanics	  have	  become	  increasingly	  relevant	  due	  
to	   an	   increase	   in	   their	   use	   (Day	   et	   al.,	   2010);	   instrumented	   prostheses	   are	   now	   capable	   of	  
measuring	  the	  loads	  at	  the	  glenohumeral	  (GH)	  joint	  (Westerhoff	  et	  al.,	  2009b,	  Westerhoff	  et	  al.,	  
2009a).	   A	   number	   of	   studies	   have	   thus	   attempted	   to	   predict	   the	   loads	   at	   this	   joint	   with	   a	  
modified	  model	   as	   a	  means	   of	  model	   validation	   (Nikooyan	   et	   al.,	   2010,	   Kontaxis	   &	   Johnson,	  
2009).	  The	  effects	  of	   joint	  replacement	  surgery	  as	  a	  whole	  have	  also	  been	  examined	  (Favre	  et	  
al.,	  2008,	  Mahfouz	  et	  al.,	  2005).	  Musculoskeletal	  models	  of	  this	  sort	  should	  certainly	  have	  a	  role	  
to	   play	   in	   the	   development	   of	   new	   prosthetics	   through	   prediction	   of	   expected	   loading	   and	  
design	  effects	  (Kontaxis,	  Johnson	  &	  Wallace,	  2010,	  Masjedi	  et	  al.,	  2007).	  
There	  has	  been	  no	  research	  that	  has	  looked	  at	  the	  ligamentous	  causes	  of	  instability	  that	  are	  so	  
common	   in	   clinical	  work.	   This	   gap	   can	  be	  attributed	   to	   the	   lack	  of	   a	   comprehensive	   ligament	  
model	   within	   a	   musculoskeletal	   model	   of	   the	   upper	   limb.	   New	   research	   in	   this	   area	   that	  
incorporates	  two	  such	  models	  should	  pave	  the	  way	  for	  such	  work	  to	  take	  place	  (Amadi,	  2012,	  
Southgate,	  2010).	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A	  number	  of	  surgeries	  and	  pathologies	  in	  the	  upper	  limb	  that	  lead	  to	  changed	  muscle	  function,	  
altered	  bony	  dynamics	  and	  morphology	  as	  well	  as	  neurological	  impairment	  are	  well	  studied	  by	  
these	   models	   (Delp	   et	   al.,	   1990,	   Inman,	   Saunders	   &	   Abbott,	   1944)	   allowing	   more	   informed	  
design	  of	  novel	   surgical	   techniques.	  This	  analysis	   is	  achieved	   through	   the	  alteration	  of	  muscle	  
attachments	  or	  parameters	  in	  a	  pre-­‐existing	  model	  in	  order	  to	  simulate	  the	  surgical	  effects,	  with	  
some	  models	  designed	  specifically	  for	  this	  purpose	  (Holzbaur,	  Murray	  &	  Delp,	  2005,	  Magermans	  
et	  al.,	  2004).	  Again,	  the	  application	  to	  subject-­‐specific	  cases	  and	  thus	  real-­‐time	  surgical	  planning	  
is	  still	  not	  suitable	  given	  the	  levels	  of	  validation,	  sensitivity	  and	  scaling	  in	  current	  models.	  
Bony	   surgeries	   have	   not	   had	   the	   same	   attention	   as	   soft	   tissue	   surgeries,	   although	   these	   are	  
possible	  with	  modification	  of	  the	  underlying	  bony	  morphology	  (Chadwick,	  van	  Noort	  &	  van	  der	  
Helm,	   2004,	   Hughes	   et	   al.,	   1997)	   or	   potentially	   by	   changing	   muscle	   wrapping	   parameters.	  
Rotator	  cuff	  damage	  is	  the	  most	  commonly	  examined	  procedure,	  with	  studies	  looking	  into	  the	  
effects	  of	  a	  tear	  (Steenbrink	  et	  al.,	  2010,	  Steenbrink	  et	  al.,	  2009,	  Masjedi	  et	  al.,	  2008)	  and	  the	  
effectiveness	   of	   tendon	   transfer	   surgery	   in	   treating	   this,	   and	   other	   pathologies	   (Favre	   et	   al.,	  
2008,	  Magermans	  et	  al.,	  2004,	  Veeger,	  Kreulen	  &	  Smeulders,	  2004).	  There	  is	  still	  much	  scope	  for	  
research	  in	  both	  soft	  tissue	  surgery	  designs:	  capsule,	  labrum,	  ligaments	  and	  muscles	  (including	  
muscle-­‐tendon	  transfers)	  as	  well	  as	  in	  bony	  surgery	  such	  as	  osteotomies	  or	  fracture	  repair.	  
4.3 Shoulder	  model	  and	  simulation	  techniques	  
4.3.1 Current	  Shoulder	  Models	  
Complete	  and	  complex	  models	  must	  include	  all	  joints	  spanned	  by	  bi-­‐articular	  muscles	  present	  in	  
the	   system	  and	  separate	   the	   larger	  muscles	   into	  an	  appropriate	  number	  of	   force	  elements.	  A	  
limited	   number	   of	   models	   do	   these	   and	   all	   utilise	   inverse	   dynamics	   simulations.	   The	   Dutch	  
Shoulder	   and	   Elbow	   Model	   (DSEM;	   Nikooyan	   et	   al.,	   2011,	   van	   der	   Helm,	   1994b)	   and	   the	  
Newcastle	  Shoulder	  Model	  (NSM;	  Charlton	  &	  Johnson,	  2006)	  are	  based	  on	  similar	  assumptions	  
but	   with	   key	   differences	   in	  muscle	   definitions	   and	   kinematics.	   The	   Garner	   and	   Pandy	  model	  
(Garner	  &	  Pandy,	  2001),	  as	  with	  the	  NSM,	  is	  based	  on	  the	  visible	  human	  (VH)	  dataset,	  the	  key	  
differences	  being	  the	  division	  of	  the	  muscles,	  the	  use	  of	  a	  different	  muscle	  wrapping	  technique	  
and	  a	  more	  detailed	  model	  of	  the	  forearm	  (GPM;	  Garner	  &	  Pandy,	  1999).	  The	  Swedish	  shoulder	  
model	   (SSM;	   Hogfors,	   Karlsson	   &	   Peterson,	   1995,	   Hogfors	   et	   al.,	   1991,	   Hogfors,	   Sigholm	   &	  
Herberts,	  1987)	   includes	  most	  of	   the	  shoulder	  muscles	  but	  crucially	  neglects	   the	  elbow	  which	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has	   muscles	   that	   cross	   both	   itself	   and	   the	   shoulder.	   The	  Waterloo	   model	   (WSM;	   Dickerson,	  
Chaffin	  &	  Hughes,	  2007)	   is	  based	  on	  similar	  assumptions	  to	  the	  SSM	  and	   is	  aimed	  squarely	  at	  
the	  ergonomics	  field.	  
A	  number	  of	  models	  cannot	  be	  considered	  complete	  due	  to	  a	  lack	  of	  the	  necessary	  number	  of	  
muscles	  or	  the	  exclusion	  of	  scapula	  kinematics	  (for	  example;	  Chadwick	  et	  al.,	  2009,	  Favre	  et	  al.,	  
2005,	  Lin	  et	  al.,	  2004).	  The	  open	  source	  Stanford-­‐VA	  model	   (Holzbaur	  et	  al.,	  2007b,	  Holzbaur,	  
Murray	  &	  Delp,	  2005)	   is	  detailed	  at	  the	  forearm	  but	   lacks	  key	  muscles	  actuating	  the	  shoulder.	  
This	  model	  is	  the	  most	  commonly	  implemented	  in	  the	  partially	  open-­‐source	  OpenSim	  software	  
(Delp	   et	   al.,	   2007).	   This	   is	   popular	   simulation	   software	   and	   as	   such	   the	   techniques	   used	   are	  
discussed	  where	   relevant.	  A	   commercial	   package	   from	  AnyBody	  has	  been	  used	   to	   implement	  
several	  models	   (Collet	  et	   al.,	   2007,	  Damsgaard	  et	   al.,	   2006)	  but	  has	   seen	  very	   little	  published	  
information.	  
4.3.2 Inverse	  Dynamics	  
	  Most	  upper	  limb	  models	   in	  the	  literature	  are	  analysed	  in	  an	  inverse	  dynamics	  simulation.	  The	  
primary	   advantage	   of	   these	   models	   is	   the	   relative	   computational	   and	   conceptual	   simplicity	  
requiring	   clinically	   simple	  measures	   as	   inputs	   (van	   der	   Helm	  &	   Chadwick,	   2002).	   Inclusion	   of	  
passive	  structures	  such	  as	   ligaments	   is	  difficult	   since	  a	  small	  error	   in	   joint	   tracking	  can	  have	  a	  
significant	   effect	   on	   already	   large	   forces,	   due	   to	   the	   high	   ligament	   stiffness.	   Kinematics	  
optimisation	  constraints	  and	  bounded	   ligament	  parameters	  have	  been	  used	  to	  help	  overcome	  
this	  high	  sensitivity	  (Charlton	  &	  Johnson,	  2006,	  van	  der	  Helm	  &	  Chadwick,	  2002).	  
4.3.3 Muscle	  Dynamics	  
Muscle	   dynamics	   incorporates	   the	   effects	   of	   neural-­‐excitation	   dynamics,	   muscle	   activation	  
dynamics	  as	  well	  as	  muscle	  force-­‐velocity	  and	  force-­‐length	  relationships	  (Hill	  curves;	  Hill,	  1938).	  
Higher	  speed	  motions	  and	  those	  at	   the	  extreme	  ranges	  of	  motion	  are	  particularly	  sensitive	  to	  
the	  consideration	  of	  all	  these	  elements	  (Winters	  &	  Stark,	  1985),	  but	  activities	  of	  daily	  living	  are	  
less	   so	   (Charlton,	   2003).	   These	   muscle	   dynamics	   models	   are	   very	   sensitive	   to	   their	   input	  
parameters	   (Ackland,	   Lin	   &	   Pandy,	   2012).	   This	   is	   particularly	   apparent	   in	   the	   force-­‐length	  
relationship;	  with	  a	  greater	  percent	  change	   in	  the	  model	  outputs	  seen	  when	  compared	  to	  the	  
percentage	  change	  in	  input	  parameters	  for	  a	  forward	  dynamics	  model	  (Scovil	  &	  Ronsky,	  2006).	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Tendon	   rest	   length	   has	   also	   been	   found	   to	   be	   the	   most	   sensitive	   parameter	   in	   an	   inverse	  
dynamics	  model	  of	   the	   lower	   limb	  by	  a	   significant	  margin,	  when	   compared	   to	  peak	   isometric	  
muscle	   force,	   optimal	   muscle-­‐fibre	   length,	   moment	   arm	   and	   muscle	   physiological	   cross-­‐
sectional	  area	  (PCSA)	  (Ackland,	  Lin	  &	  Pandy,	  2012,	  Redl,	  Gfoehler	  &	  Pandy,	  2007).	  Models	  have	  
previously	   excluded	   these	   parameters	   on	   the	   basis	   of	   this	   high	   sensitivity	   (Charlton,	   2003,	  
Happee	  &	  Van	  der	  Helm,	  1995)	  with	  a	  recent	  trend	  to	  inclusion	  (Nikooyan	  et	  al.,	  2011,	  Chadwick	  
et	  al.,	  2009,	  Holzbaur,	  Murray	  &	  Delp,	  2005).	  
Static	   optimisation	   solutions	   have	   been	   found	   to	   produce	   similar	   results	   to	   forward	   muscle	  
dynamics	  simulations	  that	  take	  into	  account	  muscle	  activation	  dynamics	  (Lin	  et	  al.,	  2012).	  
4.3.4 Inverse/Forward	  Dynamics	  Combination	  
Forward	  dynamics	  models	  calculate	  motion	  from	  an	  input	  of	  muscle	  forces,	  muscle	  activations	  
or	  neural	  excitations.	   It	  has	  become	  more	  common	  to	  combine	  forward	  and	   inverse	  dynamics	  
simulations.	   ‘Computed	   muscle	   control’	   takes	   this	   approach,	   using	   inverse	   dynamics	   in	  
conjunction	  with	   feed	   forward	   and	   feedback	   control	   to	   optimise	   a	  model’s	   kinematics	  with	   a	  
desired	  or	  measured	  set	  of	  data	   (Seth	  &	  Pandy,	  2007,	  Thelen,	  Anderson	  &	  Delp,	  2003).	  Other	  
examples	   include	   an	   inverse	   forward	   model	   with	   a	   controller	   that	   takes	   into	   account	   the	  
difference	  between	  measured	  joint	  angles	  and	  velocities	  from	  the	  inverse	  simulation	  and	  those	  
values	  as	  predicted	  by	  a	  forward	  model	  (Nikooyan	  et	  al.,	  2011,	  van	  der	  Helm	  &	  Chadwick,	  2002).	  
The	  use	  of	  a	  forward	  muscle	  model,	  capable	  of	  prescribing	  allowable	  muscle	  activations	  based	  
on	   previous	   time-­‐steps	   is	   fairly	  widespread	   (Nikooyan	   et	   al.,	   2011,	   Thelen,	   Anderson	  &	  Delp,	  
2003,	   Charlton,	   2003).	   This	   type	   of	   model	   has	   the	   advantage	   that	   each	   time	   step	   is	   further	  
coupled	   to	   the	   previous	   time-­‐steps,	   and	   is	   also	   referred	   to	   as	   an	   inverse/forward	   dynamics	  
model	  in	  the	  literature	  although	  force	  constraints	  are	  prescribed	  by	  the	  forward	  part	  –	  shown	  to	  
be	   influenced	   during	   fast	   movements	   in	   rats	   (Caiozzo	   &	   Baldwin,	   1997).	   Other	   studies	   have	  
shown	   that	   static	   optimisation	   and	   a	   forward	  muscle	  model	   give	   very	   similar	   results	   for	   two	  
activities:	  gait	   (in	   the	   lower	   limb;	  Anderson	  &	  Pandy,	  2001)	  and	   fast	  elbow	  flexion	   (Raikova	  &	  
Aladjov,	  2002).	  Thus	  in	  high-­‐speed	  activities	  and	  those	  at	  the	  limits	  of	  the	  range	  of	  motion	  these	  
models	  may	  be	  important,	  otherwise	  their	  effects	  may	  be	  small.	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4.4 Model	  Inputs	  and	  Outputs	  
Knowledge	  of	  the	  accuracy	  and	  sensitivities	  of	  model	  inputs	  allows	  a	  greater	  understanding	  of,	  
and	   trust	   in,	   these	  models.	  These	  parameters	  and	   their	  associated	  errors	  and	  sensitivities	  are	  
collected	   (Table	   4.1).	   Parameters	   are	   highlighted	   that	   need	   further	   research	   and	   some	   that	  
should	  take	  a	  greater	  role	  in	  driving	  model	  calculation.	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Parameters	  &	  
methods	   Accuracy	  &	  error	   Sensitivity	  of	  model	  output	  
Kinematics	  
Scapula:	  ±4°	  and	  Clavicle:	  ±2°	  (Prinold,	  Shaheen	  &	  
Bull,	  2011,	  Karduna	  et	  al.,	  2001).	  Humerus,	  
Forearm	  &	  Thorax:	  ±2°	  from	  palpation	  error	  (de	  
Groot,	  1997)	  
The	  optimisation	  of	  kinematics	  is	  a	  significant	  
factor	  that	  is	  poorly	  studied.	  
Primary	  input,	  so	  high	  (Nikooyan	  et	  al.,	  2010,	  
Charlton	  &	  Johnson,	  2006,	  Charlton,	  2003).	  Static	  
scapula	  compared	  to	  regression	  (Happee	  &	  Van	  der	  
Helm,	  1995),	  segment	  lengths	  and	  scapula	  
kinematics	  (Charlton,	  2003)	  and	  scapula	  lateral	  
rotations	  (Masjedi	  &	  Johnson,	  2011)	  shown	  to	  




Good	  fit	  shown	  for	  original	  geometries	  (Charlton,	  
2003,	  Pronk,	  1991).	  Scalability	  is	  unclear,	  but	  could	  
be	  tested	  by	  comparing	  to	  other	  measured	  
dimensions	  i.e.	  not	  those	  used	  to	  define	  the	  
scaling.	  
Sensitive	  when	  used	  as	  a	  constraint	  for	  the	  scapula	  
kinematics	  (Charlton,	  2003).	  
Glenohumeral	  
CoR	  
11±8mm	  (Lempereur	  et	  al.	  2010,	  Monnet	  et	  al.	  
2007).	  ‘Reliable	  and	  valid’	  (Stokdijk,	  et	  al.	  2000).	  
Changes	  in	  force	  of	  up	  to	  300%	  (linked	  to	  the	  




Palpation:	  ±2mm.	  Joints	  offset	  from	  palpated	  
surface	  landmarks	  (or	  functional	  method),	  complex	  
3D	  scapula	  shape	  (Wolffson,	  1950)	  and	  coupled	  
nature	  of	  segments	  lead	  to	  accumulated	  errors.	  
Sensitive	  to	  clavicle	  length;	  important	  role	  in	  
kinematics	  (Charlton,	  2003).	  Also	  to	  scapula	  size	  
given	  large	  number	  of	  muscle	  attachments	  and	  the	  
shape	  variability	  across	  subjects	  (Krobot,	  Janura	  &	  




Accurate	  if	  directly	  digitised:	  ±2mm.	  Inaccurate	  for	  
scapula	  if	  homogeneously	  scaled	  (Wolffson,	  1950).	  
Affects	  the	  contact	  force	  between	  the	  scapula	  and	  
the	  thorax,	  sensitivity	  unclear.	  Also,	  similar	  




Significant	  error	  upon	  scaling,	  up	  to	  20%	  in	  
segment	  mass	  (Pandis	  et	  al.,	  2008,	  Shan	  &	  Bohn,	  
2003)	  
Low	  in	  relation	  to	  the	  input	  force	  created	  in	  highly	  
loaded	  tasks	  (for	  example	  pull-­‐ups).	  High	  when	  
external	  forces	  are	  low	  since	  primary	  input	  to	  




Negligible	  (errors	  from	  input).	  
Highly	  sensitive	  to	  noise	  at	  high	  speed,	  smoothing	  
of	  kinematics	  can	  reduce	  this	  (Happee,	  Van	  der	  
Helm	  1995),	  timing	  of	  smoothing	  has	  little	  effect.	  
Muscle	  
wrapping	  
Modelled	  lines	  of	  action	  generally	  fall	  within	  
experimental	  measures	  (Holzbaur	  et	  al.,	  2007a,	  
Gatti	  et	  al.,	  2007)	  
Very	  sensitive	  to	  changing	  moment	  arms	  (Masjedi	  





Scaling	  muscle	  insertions	  with	  segment	  lengths	  are	  
relatively	  inaccurate	  with	  respect	  to	  calculated	  
moment	  arms	  (Murray,	  Buchanan	  &	  Delp,	  2002).	  
Inter-­‐subject	  variation	  exists	  (Charlton,	  2003,	  
Murray,	  Buchanan	  &	  Delp,	  2002).	  
Inverse	  models	  shown	  to	  be	  sensitive	  to	  small	  
changes	  in	  ligament	  lengths	  (Pronk,	  van	  der	  Helm	  &	  
Rozendaal,	  1993),	  although	  they	  provide	  important	  
constraints.	  Most	  models	  assume	  the	  conoid	  




Different	  techniques	  to	  split	  muscles	  used	  in	  
different	  models	  (particular	  differences	  between	  
the	  NSM	  and	  DSEM)	  
Significant	  sensitivity	  due	  to	  load-­‐sharing	  criteria	  
used,	  subject	  anatomy	  and	  pose	  (Valente	  et	  al.,	  
2011,	  Blajer	  et	  al.,	  2010,	  van	  der	  Helm	  &	  Veenbaas,	  




Not	  measured	  or	  scaled	  for	  subjects	  lead	  to	  poor	  
accuracy.	  Recent	  in-­‐vivo	  measurements	  of	  young	  
population	  (Holzbaur	  et	  al.,	  2007b);	  Table	  4.8.	  
Models	  are	  sensitive	  to	  muscle	  force	  constraints,	  of	  




Accuracy	  unclear.	  Cadaveric	  studies	  (Klein	  Breteler,	  
Spoor	  &	  Van	  der	  Helm,	  1999)	  and	  in	  vivo	  measures	  
from	  MVCs	  and	  other	  measures	  (Garner	  &	  Pandy,	  
2003)	  used.	  
Highly	  sensitive	  to	  force-­‐length	  relationship	  (Scovil	  
&	  Ronsky	  2006).	  Low	  sensitivity	  to	  force-­‐velocity	  in	  
activities	  of	  daily	  living	  (Charlton	  2003).	  Sensitive	  in	  
high	  output	  activities	  (Happee,	  Van	  der	  Helm	  1995).	  
Load-­‐sharing	  
Good	  accuracy	  on	  assumption	  energy	  usage	  is	  
minimised	  (Praagman	  2008,	  Praagman	  et	  al.	  2006).	  
Model	  sensitive	  to	  this	  parameter	  (Praagman	  et	  al.,	  
2006)	  
Table	   4.1:	   Summary	   of	   accuracy	   and	   sensitivity	   of	   musculoskeletal	   shoulder	   models	   to	   their	   input	   parameters.	  




Kinematic	   measurements	   are	   the	   primary	   input	   into	   an	   inverse	   dynamics	   simulation	   and	  
therefore	   outputs	   are	   highly	   sensitive	   to	   these.	   As	   these	   parameters	   can	   be	   measured	   to	   a	  
known	  degree	  of	  accuracy	  their	  impact	  can	  be	  well	  understood.	  
4.4.1.a Scapula	  
Scapula	  kinematics	  has	  been	  studied	  by	  many	  authors	  in	  their	  own	  right	  (Shaheen,	  Alexander	  &	  
Bull,	  2011a,	  Prinold,	  Shaheen	  &	  Bull,	  2011,	  Johnson,	  McClure	  &	  Karduna,	  2001,	  Karduna	  et	  al.,	  
2001)	   and	   regression	   equations	   have	   been	   used	   to	   predict	   scapula	   rotations	   from	   humeral	  
rotations	   (de	   Groot	   &	   Brand,	   2001,	   Barnett,	   Duncan	   &	   Johnson,	   1999).	   Model	   sensitivity	   to	  
scapula	  lateral	  and	  other	  rotations	  has	  been	  shown	  to	  be	  significant	  (Masjedi	  &	  Johnson,	  2011,	  
Charlton,	  2003,	  Happee	  &	  Van	  der	  Helm,	  1995).	  
The	  kinematics	   inputs	   in	  most	  published	  models	  still	  utilise	  regression	  equations	  to	  define	  the	  
shoulder	  girdle	  kinematics	  (Stanford-­‐VA,	  SSM,	  WSM,	  AnyBody	  and	  the	  original	  NSM).	  Regression	  
equations	  are,	  by	  definition,	  not	  capable	  of	  tracking	  abnormal	  kinematics.	  Individual	  regression	  
equations	   are	   more	   accurate	   but	   still	   not	   capable	   of	   predicting	   progressive,	   long	   timescale	  
changes	  or	  loading	  and	  speed	  effects	  (Charlton,	  2003).	  A	  significant	  number	  of	  experiments	  are	  
also	  required	  to	  ascertain	  these	  equations	  for	  each	  subject.	  Measured	  scapula	  kinematics	  are	  a	  
more	  precise	  input	  to	  a	  musculoskeletal	  model	  hoping	  to	  be	  applicable	  to	  pathological	  patients	  
and	  subjects	  performing	  high	  output	  activities;	  particularly	  given	  recent	  methodology	  validation	  
studies	  (Prinold,	  Shaheen	  &	  Bull,	  2011,	  Karduna	  et	  al.,	  2001).	  Direct	  measurement	  is	  still	  difficult	  
due	   to	   skin	  movement	   artefact	   (Shaheen,	   Alexander	   &	   Bull,	   2011a,	   Prinold,	   Shaheen	   &	   Bull,	  
2011,	  Hill	  et	  al.,	  2008)	  and	  so	  some	  optimisation	  of	  the	  kinematics	  may	  be	  necessary	  to	  ensure	  a	  
coherent	  joint	  complex	  is	  maintained.	  
The	   gold	   standard	   used	   in	   the	   DSEM,	   and	   the	   implementation	   of	   the	   NSM	   described	   in	   this	  
thesis,	   is	   the	  direct	   input	  of	  measured	   kinematics	   into	   an	  optimisation	   routine	   (Section	  4.1.4;	  
Nikooyan	  et	  al.,	  2010)	  although	  to	  the	  authors’	  knowledge	  no	  quantified	  analysis	  has	  yet	  been	  
performed	  on	  the	  optimisation	  methodology	  used.	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4.4.1.b Clavicle	  
The	   kinematics	  of	   the	   clavicle	  during	   arm	  motion	  has	  been	   subject	   to	   less	   attention	   than	   the	  
scapula.	   This	   is	   due	   to	   the	   relatively	   few	  weak	  muscle	   attachments	   on	   the	   bone	   (Subclavius,	  
Sternocleidomastoid	   and	   the	   Clavicular	   parts	   of	   Trapezius	   and	   Deltoid)	   and	   the	   difficulty	   in	  
measurement,	   particularly	   of	   the	   axial	   rotation	   of	   the	   bone	   (Marchese,	   2000).	   Elevation	   and	  
protraction	  of	  the	  clavicle	  are	  directly	  linked	  to	  the	  scapula	  by	  the	  acromioclavicular	  (AC)	  joint.	  
Recent	  studies	  have	  significantly	  improved	  the	  understanding	  of	  clavicle	  kinematics	  (Ludewig	  et	  
al.,	  2009,	  Sahara	  et	  al.,	  2007b).	  The	  DSEM	  assumes	  that	  AC	  rotations	  should	  be	  minimised	  due	  
to	   the	   relatively	   high	   ligamentous	   constraints	   when	   compared	   to	   the	   more	   mobile	  
sternoclavicular	   (SC)	   joint	   (Nikooyan	   et	   al.,	   2011,	   Pronk,	   van	   der	   Helm	   &	   Rozendaal,	   1993).	  
However,	   a	   gold-­‐standard	   measure	   used	   to	   describe	   the	   kinematics	   (Sahara	   et	   al.,	   2007b),	  
shows	  that	  the	  rotations	  are	  quite	  evenly	  shared	  between	  these	  two	  joints.	  
For	   a	   model	   using	   subject-­‐specific	   scapula	   kinematics	   as	   an	   input	   the	   clavicle	   elevation	   and	  
protraction	   should	  also	  be	  used	  as	   inputs,	   given	   the	   similar	  accuracy	   found	   in	   these	   rotations	  
and	   the	   inherent	   link	  between	   them	   (Table	  4.1;	   Karduna	  et	   al.,	   2001).	  However,	   optimisation	  
may	   still	   be	   necessary	   to	   define	   the	   clavicle’s	   axial	   rotation	   where	   it	   is	   poorly	   predicted	   by	  
regression	   equations	   (Figure	   4.1).	   The	   scapula,	   in	   contrast	   to	   the	   clavicle,	   has	  many	  powerful	  
muscle	  attachments	  that	  drive	  the	  rotation	  that,	  in	  turn,	  drives	  the	  motion	  of	  the	  clavicle.	  	  
	  
Figure	   4.1:	   Clavicle	   axial	   rotation	   in	   abduction	   for	   three	   models:	   SSM	   (□),	   DSEM	   (–)	   and	   NSM	   (×).	   MRI	  
measurements	  (·∙·∙·∙	  Sahara	  et	  al.,	  2007a)	  and	  minimisation	  of	  AC	  rotations	  calculated	  using	  the	  NSM	  (·∙·∙·∙	  Pronk	  et	  al.,	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4.4.1.c Joint	  centres	  
Musculoskeletal	  models	  are	  highly	  sensitive	  to	  the	  position	  of	  joint	  centres	  and	  joint	  geometry,	  
causing	   changes	   of	   up	   to	   300%	   in	   muscle	   force	   criterion	   (sum	   of	   squared	   muscle	   stress)	  
prediction	   (de	   Leest	   et	   al.,	   1996).	   In	   shoulder	   modelling,	   the	   position	   of	   the	   GH	   centre	   of	  
rotation	   (CoR)	   is	   particularly	   important	   since	   it	   influences	   the	   moment	   arms	   of	   the	   prime	  
movers	  and	  hence	  their	  estimated	  forces.	  The	  models	  discussed	  here	  find	  this	  centre	  by	  fitting	  
spheres	  at	  the	  joint;	  finding	  values	  ranging	  from	  22.3	  –	  32.0mm	  in	  diameter	  (Table	  4.2).	  	  
The	   GH	   CoR,	   as	   used	   in	   the	   kinematics	   routine,	   is	   often	   defined	   separately	   using	   functional	  
methods.	  The	  current	  DSEM	  uses	  an	  instantaneous	  helical	  axis	  (most	  commonly)	  or	  regression	  
equations	  or	  the	  SCoRE	  method	  (Monnet	  et	  al.,	  2007).	  The	  NSM	  can	  use	  a	  least	  squares	  sphere	  
fitting	  method	  (Gamage	  &	  Lasenby,	  2002)	  for	  each	  individual	  subject	  or	  a	  scaled	  offset	  from	  the	  
scapula,	   based	   on	   the	   data	   in	   Table	   4.2,	   to	   define	   the	   GH	   centre	   of	   rotation	   relative	   to	   the	  
scapula.	  The	  functional	  method	  in	  the	  NSM	  does	  not	  use	  bias	  compensation	  as	  suggested	  in	  the	  
literature	   (Halvorsen,	   2003),	   due	   to	   a	   more	   recent	   study	   finding	   greater	   accuracy	   without	  
(Lempereur	  et	  al.,	  2010).	  
	   	   	   	   	   	   	   	   	  
	  





	   Humeral	  head	  Radius	  
(mm)	  
32.0	   31.11	   22.3	   22.3	   Not	  avail	   25.0	  
	  
	   Glenoid	  Radius	  (mm)	   32.0	   30.58	   Not	  avail	   Not	  avail	   Not	  avail	   Not	  avail	   	  
Table	  4.2:	  Comparison	  of	  glenohumeral	  (GH)	  joint	  geometrical	  parameters	  in	  six	  models.	  ‘Not	  avail’	   indicates	  that	  
the	  data	  is	  not	  available.	  
4.4.1.d Optimisation	  and	  Constraints	  
With	  direct	  input	  of	  measured	  scapula	  and	  clavicle	  kinematics	  a	  coherent	  model	  may	  not	  result	  
due	   to	   inaccuracies	   in	   the	   model’s	   description	   of	   bony	   geometry	   and	   in	   the	   kinematics	  
measurements.	   A	   coherent	   solution	   has	   to	   be	   found	   within	   the	   bony	   anatomy,	   scaled	   or	  
otherwise,	  of	   the	  model.	  This	  means	  that	   the	  kinematics	  may	  need	  to	  be	  optimised,	  although	  
the	  constraints	  on	  this	  optimisation	  have	  seen	  relatively	  little	  quantitative	  research.	  The	  DSEM	  
optimisation	   assumes	   a	   fixed	   closed-­‐chain	   mechanism;	   using	   a	   fixed	   length	   for	   the	   conoid	  
ligament,	   constraining	   the	   distance	   between	   the	   thorax	   and	   the	   trigonum	   spinae	   (TS)	   and	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inferior	  angle	  (AI)	  of	  the	  scapula	  to	  zero	  while	  optimising	  the	  difference	  between	  measured	  and	  
optimised	  rotations	  (Table	  4.3;	  Nikooyan	  et	  al.,	  2011,	  Pronk,	  van	  der	  Helm	  &	  Rozendaal,	  1993).	  
This	   leads	  to	  a	  highly	  constrained	  system,	  making	  any	  non-­‐homogeneous	  scaling	  or	  adherence	  
to	  measured	   rotations	   very	  difficult	   (Martelli,	  Veeger	  &	  Van	  der	  Helm,	  2008,	  Charlton,	  2003).	  
While	   the	   SC	   and	   AC	   joints	   can	   be	   assumed	   to	   be	   ball	   and	   socket	   joints,	   it	   may	   not	   be	  
appropriate	  to	  consider	  the	  scapula-­‐thoracic	  gliding	  plane	  (STGP)	  as	  a	  purely	  translational	  joint	  
due	   to	   changes	   in	   thickness	   with	   muscle	   activation	   (Charlton,	   2003),	   particularly	   for	   highly	  
loaded	  activities	  or	  those	  which	  incorporate	  a	  large	  range	  of	  motion.	  The	  thorax	  constraint	  also	  
gives	  high	  model	  sensitivity	  to	  the	  clavicle	  length	  and	  thorax	  shape	  (Bolsterlee,	  van	  der	  Helm	  &	  
Veeger,	  2011,	  Charlton,	  2003).	  A	  fixed	  closed-­‐chain	  constraint	  may	  thus	  be	  inappropriate.	  
The	   literature	   suggests	   that	   the	   conoid	   ligament	   may	   be	   the	   key	   in	   determining	   the	   axial	  
rotation	  of	  the	  clavicle	  due	  to	  its	  large	  moment	  arm	  around	  the	  long	  axis	  (Pronk,	  van	  der	  Helm	  &	  
Rozendaal,	   1993).	   A	   recent	   study	   has	   shown	   that	   there	   is	   significant	   change	   in	   the	   conoid	  
ligament	   length	   during	   abduction	   (Izadpanah	   et	   al.,	   2012).	   A	   rigid	   conoid	   may	   therefore	   be	  
unrealistic	  but	  will	  reduce	  sensitivity	  to	  joint	  rotation	  errors	  that	  can	  give	  high	  ligament	  forces,	  
whilst	  also	  predicting	  the	  clavicle	  axial	  rotation	  reasonably	  well	  (Figure	  4.1).	  
	   	   	   	   	   	   	  
	  
Model	   Kinematics	  input	  





Optimiser	   	  
	  
DSEM	   measured	  
=	  0	  on	  ellipsoid	  
(TS	  and	  AI)	  
=	  0	  
=	  W1(dCx2	  +	  dCy2	  +	  dCz2)	  
+	  W2(dSx2	  +	  dSy2	  +	  dSz2)	  
	  
	  
NSM	   measured	  
=	  0	  on	  ellipsoid	  
(AS	  and	  AI)	  
=	  0	  
=	  (dCx2	  +	  dCy2	  +	  dCz2)	  	  	  	  	  	  	  	  	  
+(dSx2	  +	  dSy2	  +	  dSz2)	  
	  
	  
SSM	   regression	  
≥	  0	  on	  cylinder	  
(TS	  and	  AI)	  
=	  0	   -­‐	   	  
	  
WSM	   regression	  
=	  0	  ±	  bounds	  on	  
cylinder	  
(AS	  and	  AI)	  
=	  0	  
None	  (Step-­‐wise	  change	  




Stanford-­‐VA	   regression	   Not	  constrained	  
Appears	  to	  be	  
absent	  
None	   	  
	  
GPM	   regression	  
=	  0	  on	  ellipsoid	  
(TS	  and	  AI)	  
Appears	  
absent	  
=	  (dCx2	  +	  dCy2	  +	  dCz2)	  	  	  	  	  	  	  	  	  
+(dSx2	  +	  dSy2	  +	  dSz2)	  
	  
Table	  4.3:	  Comparison	  of	  model	  kinematics	  optimisation	  and	  constraint.	  dC	  is	  the	  difference	  between	  the	  measured	  
and	  model	  clavicle	  rotations	  and	  dS	  the	  same	  difference	  for	  the	  scapula	  rotations.	  W1	  =	  1.	  W2	  =	  2.	  
Errors	   in	   joint	   centres	   and	   rotations	   and	   segment	   lengths	   accumulate	   as	   the	   kinetic	   chain	  
lengthens,	   leading	   to	   potentially	   large	   errors	   at	   the	   end	   effecter.	   Inverse	   kinematics	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optimisation	   is	   used	   in	   some	  models	   (Delp	   et	   al.,	   2007),	   but	   accurate	   scaling	   of	   the	   scapula	  
shape	  is	  essential	  to	  avoid	  distortions	  of	  the	  actual	  rotations.	  This	  scaling	  is	  poorly	  addressed.	  
For	  the	  lower	  limb	  the	  OpenSim	  system	  uses	  ‘residual	  reduction	  analysis’	  to	  equilibrate	  inverse	  
dynamic	   results	  with	  measured	  ground	   reaction	   forces	  and	  moments	   through	  optimisation	  of	  
inverse	  kinematics	  optimised	  joint	  angles	  and	  translations	  (Delp	  et	  al.,	  2007).	  This	  may	  not	  be	  as	  
applicable	  in	  the	  upper	  limb	  due	  to	  the	  low	  loading	  at	  the	  hand	  in	  many	  common	  tasks.	  
Measured	   kinematics	   of	   the	   shoulder	   complex	   is	   now	   relatively	   accurate	   as	   compared	   to	   the	  
predicted,	   and	   scaled,	   scapula	   gliding	   plane	   of	   the	   thorax	   and	   scaled	   ligament	   attachments	  
(Table	  4.1;	  Prinold,	  Shaheen	  &	  Bull,	  2011,	  Karduna	  et	  al.,	  2001).	  Time	  and	  cost	  constraints	  for	  all	  
but	   exceptional	   cases	  mean	   a	   highly	   subject-­‐specific	   anatomy	   is	   not	   possible.	  With	   improved	  
scapula	  and	  clavicle	  measurement	  it	  may	  be	  feasible	  to	  neglect	  the	  STGP	  ellipse	  or	  simply	  use	  it	  
as	   a	   bound	   constraint	   since	   the	   accuracy	   of	   the	   scapula	   rotations	   can	   be	   assumed	   better,	  
although	  maintaining	  a	  coherent	  model	  where	  the	  scapula	  does	  not	  encroach	  on	  the	  rib	  cage	  is	  
important.	  
4.4.2 Anthropometrics	  
Subject	   anthropometrics	   affect	   the	  kinematics,	   inverse	  dynamics	   and	  muscle	  wrapping.	   These	  
parameters	  are	  often	  difficult	  to	  measure	  and	  often	  scaled	  from	  a	  well-­‐defined	  source	  subject	  or	  
cadaver,	  potentially	   leading	  to	  significant	  errors.	   It	   is	   important	  to	  design	  a	  model	  that	  can	  be	  
applied	   to	   a	   diverse	   population.	   Therefore	   the	   ability	   to	   scale	   a	  model	   is	   important:	   allowing	  
bone	   length,	   geometry,	   muscle	   attachment	   sites,	   muscle	   PCSA	   and	   moment	   arms	   to	   be	  
effectively	  applied	  to	  each	  subject.	  
4.4.2.a Segment	  scaling	  
When	   a	   closed	   chain	   mechanism	   is	   used	   to	   describe	   the	   shoulder	   girdle,	   non-­‐homogeneous	  
scaling	   of	   the	   thorax	   and	   scapula	   do	   not	   allow	   a	  model	   to	   find	   a	   continuous	   and/or	   feasible	  
solution	   within	   the	   constraints	   of	   the	   DSEM	   (Table	   4.3);	   common	   to	  many	  models	   (Martelli,	  
Veeger	   &	   Van	   der	   Helm,	   2008).	   Intra-­‐segment	   homogeneous	   scaling	   can	   lead	   to	   a	   loss	   of	  
robustness	  and	  a	  high	  sensitivity	  to	  clavicle	  length	  definition	  (Martelli,	  Veeger	  &	  Van	  der	  Helm,	  
2008,	  Charlton,	  2003).	  There	  is	  evidence	  that	  homogeneous	  scaling	  of	  segments	  (according	  to	  a	  
single	   scaling	   factor)	   does	   not	   improve	   kinematics	   and	  has	   some	   loss	   of	   robustness	   (Martelli,	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Veeger	  &	  Van	  der	  Helm,	  2008);	  others	   recommend	   its	  use	  based	  on	   improved	   representation	  
compared	  to	  no	  scaling	  and	  maintained	  consistency	  in	  kinematics	  (Charlton,	  2003).	  	  
On-­‐going	   work	   is	   being	   done	   to	   determine	   optimal	   scaling	   methods	   with	   regards	   to	   the	  
influence	  on	  the	  kinematics	  (Bolsterlee,	  van	  der	  Helm	  &	  Veeger,	  2011).	  However,	  the	  literature	  
has	  focussed	  on	  constraining	  the	  upper	  limb	  to	  a	  fixed	  closed	  chain	  and	  so	  scaling	  within	  that	  is	  
difficult	   since	   small	   errors	   in	   segment	   length	   can	   lead	   to	   significant	   changes	   in	   kinematics	  
(Charlton,	  2003).	  An	  optimisation	  approach	  to	  scaling	  may	  improve	  accuracy	  of	  segment	  lengths	  
as	   well	   as	   producing	   an	   inherently	   coherent	   system.	   It	   is	   thus	   recommended	   that	   this	   fixed	  
closed	   chain	   mechanism	   be	   abandoned	   in	   favour	   of	   accurately	   measured	   kinematics	   with	  
minimal	  optimisation.	  
Anthropometric	   studies	   have	   analysed	   scapula	   geometries	   and	   found	   significant	   variations	   in	  
the	   relative	   shape	  between	   the	   specimens	   (Krobot,	   Janura	  &	   Elfmark,	   2009,	  Wolffson,	   1950).	  
This	   shape	   will	   influence	   kinematics	   but	   the	   more	   profound	   effect	   will	   be	   due	   to	   the	   many	  
muscle	  insertions	  on	  the	  scapula.	  Non-­‐homogeneous	  scaling	  may	  go	  some	  way	  to	  improve	  the	  
accuracy	   of	   scapula	   scaling,	   but	   again	  within	   a	   closed	   chain	   this	   has	   been	   shown	   not	   to	   give	  
feasible	   kinematics	   solution	   sets	   (Martelli,	  Veeger	  &	  Van	  der	  Helm,	  2008).	   It	   has	  been	   shown	  
that	  there	  is	  a	  poor	  correlation	  between	  scaling	  of	  muscle	  and	  ligament	  insertions	  and	  segment	  
lengths	   (Murray,	   Buchanan	   &	   Delp,	   2002),	   although	   some	   homogeneous	   scaling	   may	   more	  
accurately	   represent	   the	   subject	   being	   tested	   (Charlton,	   2003).	   The	   current	   alternatives	   to	  
scaling	  necessitate	  expensive	  imaging.	  
The	  DSEM	   in	  normal	  use	  does	  not	   scale	   the	   subjects’	   geometry,	   citing	  difficulties	  with	   scaling	  
and	   the	   proposed	   solution	   of	   using	   optimised	   kinematics	   (Nikooyan	   et	   al.,	   2011).	   Sensitivity	  
studies	  looking	  at	  the	  effect	  of	  altering	  the	  relative	  segment	  lengths	  seem	  to	  indicate	  that	  this	  
may	  lead	  to	  significant	  differences	  from	  measured	  kinematics	  (Charlton,	  2003).	  
4.4.2.b Body	  segment	  parameters	  
The	   summary	  of	   BSPs	  used	   in	   different	  models	   is	   shown	   in	   Table	   4.4.	   The	  NSM	  uses	   the	  BSP	  
from	   the	  modification	  of	   the	  data	  of	   Zatsiorsky	  and	  Selunyanov	   (1990)	  performed	  by	  de	   Leva	  
(1996)	  which	  was	  based	  on	  a	  large	  group	  of	  young	  living	  subjects.	  The	  DSEM	  uses	  data	  collected	  
from	   a	   single	   57-­‐year-­‐old	  muscular	   cadaver.	   The	   SSM	   obtained	   their	   BSPs	   from	   the	   study	   by	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Winter	  (1990).	  The	  WSM	  calculation	  is	  derived	  from	  regression	  equation	  prediction	  of	  Zatsiorsky	  
(1998),	  using	  the	  size	  of	  segments	  (length,	  width	  and	  circumference).	  
Recent	  developments	  in	  technology	  may	  lead	  to	  significant	  improvements	  in	  the	  measurement	  
of	  these	  parameters	  through	  non-­‐invasive	  and	  affordable	  laser	  scanning	  techniques	  (DAVID	  3D	  
Solutions	  GbR,	  2012).	  Currently	  the	  literature	  recommends	  the	  use	  of	  de	  Leva	  (de	  Leva,	  1996)	  or	  
Zatsiorsky	   and	   Selunyanov	   (1990)	   for	   a	   young	   healthy	   population	   (Rao	   et	   al.,	   2006,	   Durkin	  &	  
Dowling,	  2003).	  Models	  are	  sensitive	  to	  these	  parameters	  since	  they	  are	  a	  direct	  input	  into	  the	  
inverse	  dynamics	  (Rao	  et	  al.,	  2006).	  For	  highly	   loaded	  activities	  the	  errors	  may	  be	  insignificant	  
compared	  to	  the	  applied	  external	  loads,	  but	  for	  activities	  with	  high	  acceleration,	  the	  opposite	  is	  
likely	  to	  be	  the	  case.	  
	   	   	   	   	   	   	  
	  
Segment	   DSEM	   NSM	   SSM	   WSM*	  
	  
	  
Clavicle	   0.16	  kg	   0	  kg	   0	  kg	   0	  
	  
	  
Scapula	   0.7	  kg	   0	  kg	   0	  kg	   0	  
	  
	  






























-­‐0.594	   0.941	   0.035	   0.029	  
	  
Table	  4.4:	  Parameters	  used	  to	  estimate	  upper	  limb	  segment	  masses	  in	  four	  models,	  presented	  as	  mass	  for	  a	  67kg	  
subject	   (based	   on	   (Nikooyan,	   2012).	   Percentage	   of	   total	   body	   weight	   is	   presented	   in	   parentheses.	   *	   WSM	   is	  
presented	  as	  coefficients	  of	   linear	  regression	  equation	  where	  total	  mass	   is:	  M=B0+B1*x1+…+B3*x3	  (xi	   in	  cm).	  for	  
example	  for	  the	  hand	  x1	  is	  length	  of	  the	  straight	  segment,	  x2	  width	  of	  the	  hand	  and	  x3	  the	  mean	  circumference	  of	  
the	  segment.	  
4.4.2.c Muscle	  and	  ligament	  insertions	  
The	   insertions	   of	   the	  muscles	   and	   ligament	   into	   the	   skeletal	   structure	  must	   be	   described	   to	  
determine	  moment	  arms,	  lines	  of	  action	  and	  musculotendon	  or	  ligament	  length.	  Model	  muscle	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force	  predictions	  have	  been	  shown	  to	  be	  very	  sensitive	  to	  changing	  moment	  arms	  (Masjedi	  &	  
Johnson,	  2010,	  Raikova	  &	  Prilutsky,	  2001).	  
Models	   that	   contain	   bi-­‐articular	   muscles	   should	   include	   all	   joints	   spanned	   by	   these	   muscles	  
(Charlton,	   2003,	   Garner	   &	   Pandy,	   2003),	   for	   example	   the	   effect	   of	   elbow	   angle	   on	   shoulder	  
muscle	  function	  is	  significant	  (Yu,	  Ackland	  &	  Pandy,	  2011).	  The	  wrist	  muscles	  are	  well	  covered	  in	  
the	  Stanford-­‐VA	  model	  and	   less	   so	   in	   the	  other	  models	   (Table	  4.6),	  with	   the	  NSM	  assuming	  a	  
fixed	  posture	  at	  the	  joint.	  
Muscle	   insertion	   positions	   across	   models	   (SSM,	   DSEM	   and	   NSM)	   have	   a	   good	   agreement	   in	  
general.	   However,	   deltoid	   origin	   has	   shown	   considerable	   variation	   between	   the	   data	   sets,	  
although	  the	  division	  of	  this	  muscle	  makes	  comparison	  very	  difficult	  (Valente	  et	  al.,	  2011,	  Blajer	  
et	  al.,	  2010,	  van	  der	  Helm	  &	  Veenbaas,	  1991,	  Holmberg	  &	  Klarbring,	  2012).	  
The	   ligaments	  of	   the	  upper	   limb	  are	  well	   described	   in	   the	  NSM	  and	  DSEM,	  but	   generally	   not	  




DSEM	   NSM	   SSM	   WSM	   Stanford-­‐VA	   GPM	  
Coracohumeral	   -­‐	   -­‐	   1	   -­‐	   -­‐	   -­‐	  
Costoclavicular	   3	   1	   -­‐	   -­‐	   -­‐	   -­‐	  
Trapezoid	   1	   1	   -­‐	   -­‐	   -­‐	   -­‐	  
Conoid	   1	  (constraint)	   1	   -­‐	   -­‐	   -­‐	   -­‐	  
Glenohumeral	   6	   5*	   -­‐	   -­‐	   -­‐	   -­‐	  
Sternoclavicular	   2	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  
Table	  4.5:	  Division	  of	  upper	  limb	  ligaments	  in	  six	  upper	  limb	  models.	  *	  These	  ligaments	  have	  been	  included	  in	  some	  




	   	   	   	   	   	   	  





(2an	  1m	  2p)	  
3	  
(1an	  1p	  1m)	  
3	  
3	  
(1an	  1po	  1m)	  
3	  
(1cl	  1sc	  1acr)	  
Infraspinatus	   6	   3	   2	   2	   1	   1	  
Teres	  minor	   3	   1	   1	   1	   1	   1	  
Teres	  Major	   4	   1	   1	   	   1	   1	  
Supraspinatus	   4	   1	   1	   1	   1	   1	  













(4lo	  5m	  5sh)	  
6	  
(2lo	  2m	  2la)	  
1	   3	  
3	  
(1lo	  1m	  1la)	  
3	  
(1lo	  1m	  1la)	  












(1cl	  1ste	  1rib)	  
Pectoralis	  Minor	   4	   3	   1	   1	   -­‐	   1	  
Rhomboid	  Major	   3	   5	   1	   1	   -­‐	   2	  
Rhomboid	  Minor	   -­‐	   2	   1	   1	   -­‐	   1	  




16	   4	   4	   -­‐	   4	  
Coracobrachialis	   3	   2	   -­‐	   -­‐	   1	   1	  
Latissimus	  Dorsi	   6	   5	   3	   2	   3	   3	  
Omohyoideus	   -­‐	   -­‐	   1	   1	   -­‐	   -­‐	  
Sternocleidomastoid	   -­‐	   -­‐	   1	   1	   -­‐	   -­‐	  
Sternohyoid	   -­‐	   -­‐	   1	   1	   -­‐	   -­‐	  
Subclavious	   -­‐	   -­‐	   1	   1	   -­‐	   1	  
Anconeus	   5	   2	   -­‐	   -­‐	   1	   -­‐	  






-­‐	   -­‐	   2	   1	  
Supinator	   5	   1	   -­‐	   -­‐	   1	   1	  
Brachialis	   7	   2	   -­‐	   -­‐	   1	   1	  
Brachioradialis	   3	   2	   -­‐	   -­‐	   1	   1	  
Extensor	  pollicis	   -­‐	   -­‐	   -­‐	   -­‐	   2	   -­‐	  
Abductor	  pol	  long	   -­‐	   -­‐	   -­‐	   -­‐	   1	   -­‐	  
Extensor	  indicis	   -­‐	   -­‐	   -­‐	   -­‐	   1	   -­‐	  
Extensor	  digitorum	   -­‐	   -­‐	   -­‐	   -­‐	   4	   -­‐	  
Extensor	  digiti	  min	   -­‐	   -­‐	   -­‐	   -­‐	   1	   -­‐	  
Flexor	  digitorum	   -­‐	   -­‐	   -­‐	   -­‐	   8	   -­‐	  
Flexor	  pollicis	   -­‐	   -­‐	   -­‐	   -­‐	   1	   -­‐	  
Flexor	  carpi	   -­‐	   -­‐	   -­‐	   -­‐	   2	   2	  
Extensor	  carpi	   -­‐	   -­‐	   -­‐	   -­‐	   3	   3	  
Table	  4.6:	  Division	  of	  upper	   limb	  muscles	   in	  six	  upper	   limb	  models.	  Where	  appropriate	   the	  division	  of	  muscles	   is	  
described	  relevant	  components:	  ‘cl’	  refers	  to	  clavicle,	  ‘sca’	  to	  scapula,	  ‘an’	  to	  anterior,	  ‘m’	  to	  medial	  or	  middle,	  ‘po’	  
to	  posterior,	  ‘lo’	  to	  long,	  ‘sh’	  to	  short,	  ‘la’	  to	  lateral,	  ‘th’	  to	  thorax,	  ‘uln’	  to	  ulna	  and	  ‘hum’	  to	  humerus.	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4.4.3 Muscle	  force	  calculation	  
Accuracy	   of	   muscle	   force	   values	   can	   be	   difficult	   to	   determine,	   sensitivity	   studies	   are	   thus	  
particularly	  useful	  in	  this	  area.	  
4.4.3.a Muscle	  wrapping	  
Muscles	  are	  usually	  represented	  as	  frictionless	  taut	  strings.	  For	  muscles	  that	  wrap	  around	  bony	  
contours	  the	  SSM	  added	  points	  along	  the	  muscle	  (“virtual	  origins”)	  to	  define	  curved	  muscle	  lines	  
of	  action,	  the	  Stanford-­‐VA	  and	  AnyBody	  model	  use	  a	  similar	  technique.	  In	  the	  DSEM,	  the	  NSM	  
and	  the	  WSM,	  the	  muscle	  line	  of	  action	  is	  defined	  as	  the	  shortest	  distance	  between	  the	  origin	  
and	  insertion,	  around	  the	  bony	  contour	  represented	  by	  simple	  geometric	  shapes.	  This	  method	  
has	   been	   shown	   to	   occasionally	   lead	   to	   unrealistic	   predictions	   of	   line	   of	   action,	   conservative	  
moment	   arm	   predictions	   and	   a	   sudden	   changing	   of	   the	   sign	   of	   the	   moment	   applied	   by	   the	  
deltoid	  muscle	  during	  higher	  angles	  of	  humeral	  elevation	  (Marsden,	  Swailes	  &	  Johnson,	  2008a).	  	  
A	   study	   from	   the	   group	   that	   developed	   the	   NSM	   suggested	   a	   novel	   energy	   based	   wrapping	  
technique	  that	  demonstrates	  significantly	  improved	  results	  from	  those	  used	  in	  a	  standard	  point-­‐
to-­‐point	  method	  (Marsden,	  Swailes	  &	  Johnson,	  2008a,	  Marsden	  &	  Swailes,	  2008).	  Recent	  work	  
has	  used	   contact	  detection	  with	   an	   FEA	  model	   of	   the	  bones	   although	   it	   is	   not	   clear	  how	   this	  
deals	  with	  the	  volume	  of	  a	  muscle	  (Favre,	  Gerber	  &	  Snedeker,	  2010).	  The	  obstacle	  set	  method	  
approximates	  the	  centroid	  of	  muscles,	  thus	  considering	  the	  whole	  volume	  of	  the	  muscle	  and	  the	  
interaction	   between	   different	   muscles	   (Garner	   &	   Pandy,	   2000).	   The	   limitations	   are	   that	   this	  
method	  relies	  on	  difficult	  to	  obtain	  data	  and	  doesn’t	  take	  into	  account	  the	  connections	  between	  
muscles	  tissue.	  	  
A	   number	   of	   imaging	   studies	   have	   determined	   the	   in	   vivo	   muscle	   lines	   of	   action	   in	   subjects	  
(Ackland	  &	  Pandy,	  2011,	  Gatti	  et	  al.,	  2007,	  Graichen	  et	  al.,	  2001b).	  These	  moment	  arms	  have	  
then	   been	   compared	   to	   the	   predicted	   muscle	   lines	   of	   action	   in	   models	   in	   some	   cases	   with	  
reasonable	   results	   (Gatti	   et	   al.,	   2007).	   Cadaver	   studies	   have	   also	   been	   used	   as	   a	   comparison	  
with	  model	  predictions	  (Garner	  &	  Pandy,	  2001).	  The	  drawback	  to	  this	  method,	  when	  compared	  
with	  a	  direct	   in	  vivo	  comparison,	   is	  that	  the	  muscles	  are	  not	  active,	  the	  kinematics	  are	  passive	  
and	  there	  may	  be	  muscle	  degradation	  in	  the	  cadaver.	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4.4.3.b Muscle	  and	  ligament	  parameters	  
One	   of	   the	   most	   important	   aspects	   of	   any	   model	   is	   the	   morphological	   and	   geometrical	  
parameters	  of	  each	  muscle.	  The	  number	  and	  direction	  of	  force	  vectors	  that	  a	  muscle	  is	  divided	  
into	  depends	  on	  the	  size	  of	  the	  muscle	  and	  varies	  between	  studies.	  Van	  der	  Helm	  et	  al.	  (1992)	  
argued	  that	  although	  in	  musculoskeletal	  modelling	  the	  number	  and	  position	  of	  muscle	  lines	  of	  
action	  affect	  the	  forces	  attributed	  to	  muscles,	  there	  is	  no	  theory	  that	  defines	  the	  minimum	  or	  
maximum	  number	  of	   force	  vectors	  representing	  muscle	  action.	  The	  DSEM	  divides	  the	  muscles	  
line	  of	  action	  based	  on	  assessment	  of	   the	  number	  of	  elements	  needed	   in	  order	   to	  effectively	  
influence	   the	   number	   of	   DoF	   existing	   between	   the	   two	   attachment	   sites.	   However,	   the	   SSM	  
uses	  functional	  criteria	  and	  the	  NSM	  uses	  the	  fascicular	  anatomy	  of	  the	  muscles	  to	  define	  the	  
number	  of	  divisions	  (Table	  4.6).	  No	  explanation	  was	  found	  for	  the	  muscular	  subdivision	  used	  in	  
WSM.	   The	  muscle	   divisions	   in	   the	   SSM,	  NSM	  and	  WSM	  are	   similar	   and	  differ	   substantially	   to	  
those	   by	   the	   DSEM.	   It	   has	   been	   found	   that	   the	   discretisation	   of	   the	   muscles	   affects	   model	  
outputs	  but	  depends	  on	  the	  load-­‐sharing	  criteria	  used,	  subject	  anatomy	  and	  pose	  (Valente	  et	  al.,	  
2011,	  Blajer	  et	  al.,	  2010).	  One	  study	  found	  that	  no	  more	  than	  6	  paths	  are	  required	  to	  accurately	  
model	  the	  action	  of	  any	  single	  muscle	  in	  the	  body	  (van	  der	  Helm	  &	  Veenbaas,	  1991);	  this	  is	  of	  
some	  concern	  to	  a	  number	  of	  models	  that	  do	  not	  use	  this	  number	  of	  divisions	  for	  any	  muscles	  
(Table	  4.6).	  
The	  total	  numbers	  of	  resulting	  internal	  forces	  on	  the	  shoulder	  girdle	  that	  need	  to	  be	  predicted	  
are	  shown	  in	  Table	  4.7.	  	  
The	  generic	  structure	  and	  passive	  behaviour	  of	  ligaments	  is	  well	  studied	  (Nigg	  &	  Herzog,	  1999).	  
However,	  there	  is	  disagreement	  in	  the	  literature	  as	  to	  the	  specific	  parameters	  in	  the	  ligaments	  
of	   the	   upper	   limb.	   The	   NSM	   partly	   addresses	   this	   by	   bounding	   the	   ligament	   forces	   with	   the	  
highest	   and	   lowest	   available	   values	   in	   the	   literature,	   then	   optimising	   these	   within	   the	   load	  
sharing	   optimisation.	   Capsular	   structures	   and	   other	   ligaments	   have	   also	   been	   shown	   to	   be	  
important	   to	   the	   joints	   of	   the	   upper	   limb,	   particularly	   the	   stability	   at	   the	   glenohumeral	   joint	  
provided	  by	  the	  glenohumeral	  capsule	  (Southgate	  et	  al.,	  2009).	  The	  inclusion	  of	  these	  structures	  
has	  a	  significant	  influence	  on	  muscle	  force	  calculations	  at	  higher	  angles	  of	  elevation:	  up	  to	  200N	  
in	  Deltoid	  and	  150N	  in	  subscapularis	  during	  abduction,	  less	  in	  forward	  flexion	  (Southgate,	  2010).	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Model	   Muscle	  force	  elements	  
Ligament	  
forces	  
Number	  of	  independent	  DoF	  at	  shoulder	  
DSEM	   139	   12	   8:	  	  2	  SC	  +	  3	  AC	  (+	  2	  STGP)	  +	  3	  GH	  
NSM	   86	   8	   8:	  	  2	  SC	  +	  3	  AC	  (+	  2	  STGP)	  +	  3	  GH	  
SSM	   34	   1	   9:	  	  3	  SC	  +	  3	  AC	  (+	  2	  STGP)	  +	  3	  GH	  
WSM	   38	   0	   9:	  	  3	  SC	  +	  3	  AC	  +	  3	  GH	  
Stanford-­‐VA	   55	   0	   9:	  	  3	  SC	  +	  3	  AC	  +	  3	  GH	  
GPM	   42	   0	   9:	  	  3	  SC	  +	  3	  AC	  (+	  2	  STGP)	  +	  3	  GH	  
Table	   4.7:	   Internal	   forces	   used	   to	   obtain	   forces	   at	   shoulder	   girdle.	   N.B.:	   a	   rigid	   conoid	   ligament	   reduces	   the	  
independent	  degrees	  of	  freedom	  since	  the	  clavicle	  may	  no	   longer	  axially	  rotate	  without	  causing	  a	  rotation	  of	  the	  
scapula.	  
4.4.3.c Muscle	  force	  characteristics	  
Models	   can	   be	   sensitive	   if	   the	   muscles	   reach	   the	   upper	   boundary	   of	   their	   allowable	   force	  
(Southgate	   et	   al.,	   2012,	   Challis,	   1997).	   The	   factors	   that	   determine	   these	   limits	   are	   therefore	  
important.	   The	   relationship	   between	   the	   muscles’	   PCSA	   can	   also	   affect	   the	   load-­‐sharing	   in	  
inverse	  dynamics	  models	  (Southgate	  et	  al.,	  2012,	  Masjedi,	  2009).	  The	  recent	  study	  by	  Holzbaur	  
et	  al.	   (2007d)	  can	  be	  considered	  a	  gold	  standard	  method	   for	  measurement	  of	  volume	  since	   it	  
uses	   an	   accurate	   in-­‐vivo	   MRI	   technique	   to	   measure	   in	   a	   younger	   population.	   PCSA	   can	   be	  
defined	   as	   the	  muscle	   volume	  over	   the	   optimal	   fibre	   length	   (Bamman	  et	   al.,	   2000),	   although	  
pennation	   angle	   of	   the	   muscles	   can	   also	   be	   an	   important	   consideration	   (for	   example	   in	   the	  
Deltoid).	  However,	  the	  optimal	  fibre	  lengths	  used	  in	  this	  study	  (Holzbaur	  et	  al.,	  2007b)	  are	  taken	  
from	  the	  literature,	  which	  limits	  the	  accuracy.	  Pennation	  angle	  is	  also	  not	  considered.	  Scaling	  of	  
muscle	  PCSAs	  has	  seen	  very	   little	  attention	  although	   is	   something	   that	  clearly	  varies	  between	  
people.	   A	   comparison	   on	   PCSAs	   across	   6	   models	   demonstrates	   the	   large	   variability	   in	   total	  
muscle	   PCSA,	  while	   it	   can	   also	   be	   seen	   that	   the	   distribution	   of	   the	   PCSAs	   is	   fairly	   consistent	  
(Table	  4.8).	  This	  strong	  relationship	  between	  total	  PCSA	  and	  specific	  muscle	  PCSA	  has	  also	  been	  
shown	   in	   an	   MRI	   study,	   where	   various	   easily	   measureable	   normalising	   factors	   (for	   example	  
height	  and	  weight)	  were	  also	  suggested	  but	  no	  clear	  relationship	  found	  (Holzbaur	  et	  al.,	  2007b).	  
The	   imaging	   techniques	   discussed	   in	   Section	   4.2.2	  may	   provide	   the	  means	   to	   easily	   estimate	  
total	  muscle	  volume	  and	  thus	  could	  be	  used	  as	  a	  well	  validated	  scaling	  factor	  for	  PCSAs.	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A	  significant	  difference	  between	  elderly	  and	  young	  subjects	  has	  also	  been	  shown	   in	   isometric	  
force	   and	  muscle	   volumes,	   as	  well	   as	   the	   conclusion	   that	   these	  parameters	   cannot	   be	   scaled	  
across	  these	  populations	  (Vidt	  et	  al.,	  2012).	  	  
	   	   	   	   	   	   	  




















Infraspinatus	   14.32	  (2.31)	   6.00	  (2.03)	   (1.91)	   11.9	  (2.09)	   33.3	  (2.46)	  
Teres	  minor	   4.97	  (6.65)	   2.10	  (5.81)	   (8)	   3.70	  (6.76)	   6.77	  (12.1)	  
Supraspinatus	   6.21	  (5.33)	   3.00	  (4.07)	   (3.95)	   4.8	  (5.23)	   20.8	  (3.93)	  
Subscapularis	   14.31	  (2.31)	   7.80	  (1.56)	   (1.54)	   14.1	  (1.74)	   35.7	  (2.30)	  
Table	  4.8:	  Comparison	  of	  shoulder	  muscle	  PCSAs	  (cm2).	  In	  the	  parentheses	  the	  ratio	  of	  deltoid	  muscle	  PCSA	  to	  the	  
specific	  shoulder	  muscle	  is	  shown.	  For	  the	  SSM	  only	  the	  normalised	  values	  are	  available.	  *using	  corrected	  value	  of	  
3.9	  cm2	  for	  the	  middle	  deltoid	  (Masjedi,	  2009).	  
Maximum	  muscle	  force	  is	  generally	  considered	  to	  scale	  linearly	  with	  muscle	  PCSA	  (Fukunaga	  et	  
al.,	  2001,	  Bamman	  et	  al.,	  2000).	  The	  constant	  of	  proportionality	  used	  to	  find	  maximum	  isometric	  
muscle	  force	  is	  specific	  muscle	  tension	  (Table	  4.9	  [N/m2]).	  This	  constant	  has	  a	  significant	  range	  
of	  values	   in	   the	   literature,	   implying	  uncertainty	  or	   large	  differences	  across	   subjects.	  However,	  
whilst	  a	  general	  trend	  between	  these	  factors	  is	  observed	  in	  static	  (r	  =	  0.712–0.945;	  Fukunaga	  et	  
al.,	  2001,	  Bamman	  et	  al.,	  2000)	  and,	  to	  a	   lesser	  extent,	  dynamic	  movements	  (r	  =	  0.293–0.695;	  
Fukunaga	   et	   al.,	   2001,	   Akima	   et	   al.,	   2000),	   there	   are	   also	   variations	   in	   maximum	   voluntary	  
contraction	   force	   (MVC)	   approaching	   100%	   for	   subjects	   with	   the	   same	   PCSA	   (Figure	   4.2).	  
Literature	  has	  also	  established	  a	  general	   increase	   in	  muscle	  PCSA,	   increase	   in	  pennation	  angle	  
and	  changes	  to	  specific	  muscle	  tension	  (disagreement	   if	   increased	  or	  decreased)	  after	  athletic	  
training	   (Fukunaga	   et	   al.,	   2001,	   Kawakami	   et	   al.,	   1995).	   While	   PCSA	   may	   be	   an	   important	  
measure	  of	   isometric	  muscle	   force	   capacity	   it	   can	  be	   seen	   that	   it	   is	   certainly	  not	   an	  absolute	  
measure,	  with	  pennation	  angles,	  specific	  muscle	  tension	  and	  the	  ability	  to	  fully	  activate	  muscle	  
fibres	  for	  each	  specific	  subject	  and	  muscle	  also	  requiring	  further	  examination.	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Table	  4.9:	  Specific	  tension	  (σmax)	  Constants	  of	  proportionality	  used	  in	  shoulder	  models	  to	  find	  maximum	  isometric	  
muscle	   force	   (Fmax	   =	   σmax	   ×	   PCSA).	   Note	   the	   Stanford-­‐VA	  model	   uses	   different	   values	   in	   the	   forearm	   and	   hand	  
muscles	  (F/H).	  
Complete	  muscle	  dynamics	  are	   relevant	   in	  high	   speed,	  high	   load	  and	  motions	  at	   the	  extreme	  
ranges.	  A	  non-­‐linear,	  lumped	  parameter	  model	  of	  muscle	  dynamics	  (Happee,	  1994)	  considering	  
neural	  excitation	  dynamics,	   force-­‐velocity	   relationship	  and	  active	  state	  dynamics	   is	  a	  common	  
method	   to	   account	   for	   these	   dynamics;	   using	   parameters	   such	   as	   tendon	   slack	   length	   and	  
optimal	  fibre	  lengths	  as	  input	  parameters	  (Langenderfer	  et	  al.,	  2004,	  Klein	  Breteler,	  Spoor	  &	  Van	  
der	   Helm,	   1999).	   However,	   uncertainties	   about	   optimal	   muscle	   fibre	   lengths	   and	   very	   high	  
sensitivity	  to	  this	  parameter	  suggest	   its	   inclusion	  may	  be	  counter-­‐productive	  (Scovil	  &	  Ronsky,	  
2006,	   Charlton,	   2003,	   van	   der	   Helm,	   1994b).	   The	   GPM	   uses	   an	   optimisation	   algorithm	   that	  
chooses	  muscle	   parameters	   from	   defined	   physiological	   limits.	   This	   approach	   can	   be	   effective	  
and	  efficient	  but	  it	  is	  possible	  that	  it	  introduces	  unknown	  error	  into	  the	  parameters	  throughout	  
the	  system.	  
	  
Figure	  4.2:	  The	  relationship	  between	  physiological	  cross-­‐sectional	  area	  (PCSA)	  and	  maximum	  voluntary	  contraction	  
(MVC)	  of	  the	  triceps	  surae	  muscle	  in	  39	  subjects	  with	  the	  95%	  confidence	  interval	  shown	  as	  a	  dashed	  line	  (Bamman	  




















4.4.3.d Glenohumeral	  joint	  
Modelling	  of	  the	  glenohumeral	  joint	  is	  usually	  based	  on	  the	  assumption	  of	  a	  spherical	  joint	  with	  
no	  translation	  allowed	  (Nikooyan	  et	  al.,	  2011,	  Charlton	  &	  Johnson,	  2006,	  Karlsson	  &	  Peterson,	  
1992).	  To	  avoid	  dislocation	  of	  the	  joint	  the	  net	  GH	  contact	  force	  vector	  is	  often	  constrained	  to	  
point	  into	  the	  glenoid	  cavity	  (Dickerson,	  Chaffin	  &	  Hughes,	  2007,	  Charlton	  &	  Johnson,	  2006,	  van	  
der	  Helm,	  1994b,	  Karlsson	  &	  Peterson,	  1992).	  Variation	   in	   this	   constraint	   causes	   changes	   in	  a	  
model’s	   muscle	   force	   prediction	   (Dickerson,	   Chaffin	   &	   Hughes,	   2007);	   creating	   a	   significant	  
tendency	  for	  subluxation	   if	   the	  constraint	   is	  not	  present	   (Karlsson	  &	  Peterson,	  1992).	  This	  has	  
been	  described	  as	  a	  quasi-­‐static	  stability	  constraint	  and	  the	  challenging	  definition	  of	  stability	  has	  
been	  well	   discussed,	   concluding	   that	   the	   ability	   of	   the	   joint	   to	   resist	   perturbations	   is	   a	  more	  
complete	  definition	  (Veeger	  &	  van	  der	  Helm,	  2007).	  
A	  model	  that	  incorporates	  the	  effects	  of	  perturbation	  would	  thus	  be	  useful	  in	  understanding	  the	  
stability	  of	  the	  joints	  as	  well	  as	  the	  neural	  control	  at	  the	  shoulder.	  The	  capsular	  ligaments	  have	  
been	  shown	  to	  be	  a	  significant	  contributor	  to	  the	  glenohumeral	  joint	  moment	  providing	  1.5	  Nm	  
at	  76°	  of	  abduction	  (Harryman	  et	  al.,	  1992),	  and	  leading	  to	  significantly	  altered	  muscle	  forces	  in	  
a	  musculoskeletal	  model	  at	  high	  angles	  of	  humeral	  elevation	  (Southgate,	  2010).	  Some	  authors	  
have	  attempted	  to	  consider	  the	  translations	  of	  the	  joint	  (Terrier	  et	  al.,	  2007).	  These	  translations	  
have	   been	   found	   to	   be	   up	   to	   4mm	   in	   3D	   space	   –	   shared	   evenly	   between	   the	   three	   planes	  
(Kedgley	  et	  al.,	  2008,	  Nishinaka	  et	  al.,	  2008).	  Given	   the	   relative	   inaccuracies	   in	  other	  areas	  of	  
shoulder	  models	  this	  translation	  seems	  to	  be	  negligible	  in	  current	  muscloskeletal	  models	  of	  the	  
shoulder.	  However,	   translations	   at	   this	   joint	  will	   lead	   to	   strain	   in	   the	  glenohumeral	   ligaments	  
that	  may,	   in	   turn,	  generate	   forces	  and	  moments	  around	  the	   joint.	  These	   forces	  and	  moments	  
could	  assist	  in	  controlling	  the	  force	  vector,	  thus	  reducing	  the	  need	  for	  as	  much	  active	  control	  of	  
this	  by	  the	  muscles	  although	  these	  forces	  are	  unlikely	  to	  be	  large	  since	  this	  strain	  would	  restrict	  
rotation	   of	   the	   GH	   joint.	   Further	   research	   in	   this	   area	  would	   be	   valuable	   in	   determining	   the	  
importance	   of	   this	   assumption,	   particularly	   with	   reference	   to	   proximal	   humeral	   migration	  
pathologies.	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4.4.4 Muscle	  load-­‐sharing	  
Muscles	   are	   activated	   simultaneously	   during	   most	   movements.	   To	   solve	   this	   indeterminate	  
system	   an	   optimisation	   function	  must	   be	   formulated,	   ensuring	   the	   unique	   solution	   for	   load-­‐
sharing	  across	  the	  muscles.	  
In	   order	   to	   solve	   the	   equilibrium	   equations,	   minimisation	   of	   physiological	   cost	   is	   usually	  
assumed.	   Many	   authors	   use	   an	   algorithm	   to	   minimise	   the	   objective	   function	   (Charlton	   &	  
Johnson,	   2006,	   Karlsson	  &	   Peterson,	   1992),	   others	   use	   time	   optimal	   control	   (Gonzalez	   et	   al.,	  
1996)	   or	  muscle	   oxygen	   consumption	   (Praagman	   et	   al.,	   2006).	   For	   the	   investigation	   of	   upper	  
limb	  muscle	  and	  joint	  loadings,	  minimisation	  of	  sum	  of	  squared	  muscle	  stresses	  (Table	  4.10)	  is	  
the	  most	   commonly	   used	   objective	   function	   (Dickerson,	   Chaffin	   &	   Hughes,	   2007,	   Charlton	   &	  
Johnson,	  2006,	  van	  der	  Helm,	  1994b,	  Karlsson	  &	  Peterson,	  1992).	  This	  criterion	  favours	  muscles	  
with	   the	   most	   suitable	   moment	   arm,	   whilst	   a	   min/max	   criterion	   (Table	   4.10)	   prevents	   the	  
calculation	  of	  extremely	  high	  muscle	  stresses	  but	  was	  also	  found	  to	  be	  numerically	  unstable	  and	  
therefore	  the	   former	   is	   recommended	  (van	  der	  Helm,	  1994b).	  Recent	  work	  has	  demonstrated	  
improved	  stability	  of	  this	  min/max	  criterion	  although	  only	  at	   lower	  muscle	  forces	  (Rasmussen,	  
Damsgaard	  &	  Voigt,	  2001).	  
	   	   	   	  
	   Description	   Equation	   	  
	   1.	  Minimisation	  of	  the	  sum	  of	  quadratic	  muscle	  forces	   𝑚𝑖𝑛 𝐹!	   	  
	   2.	  Minimisation	  of	  the	  sum	  of	  quadratic	  muscle	  stresses	   𝑚𝑖𝑛 𝐹!𝑃𝐶𝑆𝐴! !	   	  
	  
3.	  Minimisation	  of	  sum	  of	  quadratic	  muscle	  forces	  
normalised	  to	  the	  maximal	  muscle	  force	  which	  is	  a	  
function	  of	  PCSA	  and	  muscle	  length	  
𝑚𝑖𝑛 𝐹!𝐹!,!"# !	   	  
	   4.	  Minimisation	  of	  the	  maximal	  stress	  in	  the	  mechanism	   𝑚𝑖𝑛/𝑚𝑎𝑥 𝐹!𝑃𝐶𝑆𝐴! 	   	  
Table	  4.10:	  Details	  of	  four	  load-­‐sharing	  cost	  functions.	  Van	  der	  Helm	  (1994)	  compares	  these	  methods	  in	  one	  study.	  
The	  high	   sensitivity	  of	  models	   to	   the	   load-­‐sharing	   function	   is	   shown	  with	  a	   comparison	   to	  an	  
instrumented	   prosthesis,	   however,	   this	   comparison	   is	   inconclusive	   as	   to	   the	   more	   accurate	  
method:	   minimisation	   of	   squared	   muscles	   stresses	   (Table	   4.10)	   or	   an	   energy	   based	   method	  
(Equation	   4.1)	   (Nikooyan	   et	   al.,	   2010,	   Praagman	   et	   al.,	   2006).	   However,	   the	   energy	  method,	  
based	  on	  the	  concept	  that	  longer	  muscles	  require	  more	  energy	  to	  activate,	  has	  been	  shown	  to	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more	  accurately	  represent	  the	  reduction	  of	  physiological	  cost	  (Praagman	  et	  al.,	  2006),	  and	  has	  
thus	  been	  included	  in	  the	  DSEM	  model	  (Nikooyan	  et	  al.,	  2010).	  
The	  use	  of	  different,	   low	  powers	   for	   the	  sum	  of	  muscle	  stresses	   (1.5	  –	  4)	  seems	  to	  have	   little	  
effect	  on	  muscle	  forces	  (Karlsson	  &	  Peterson,	  1992),	  although	  higher	  powers	  have	  been	  shown	  
to	  have	  a	  more	  significant	  effect	  (Cleather	  &	  Bull,	  2010)	  leading	  to	  similarities	  with	  the	  min/max	  
criterion	  (Rasmussen,	  Damsgaard	  &	  Voigt,	  2001).	  
min 𝑎! · 𝐹! · 𝑙𝑓!"# +𝑚 · 𝑏! · 𝐹!PCSA · 𝜎!"# · 𝑓!(𝑙!)+ 𝑏! · 𝐹!PCSA · 𝜎!"# · 𝑓!(𝑙!) ! 	  
where	  𝑙𝑓!"#	  is	  optimal	  fibre	  length,	  𝑓! 𝑙! 	  is	  the	  normalised	  force-­‐length	  characteristics,	  𝑙𝑓!"#	  is	  optimal	  fibre	  
length,	  𝑓! 𝑙! 	  is	  the	  normalised	  force-­‐length	  characteristics,	  Maximal	  muscle	  stress	  (𝜎!"#  =	  100N/cm2),	  a1,b1,b2	  =	  
1,100,400.	  
Equation	  4.1:	  Energy	  based	  objective	  function.	  Reproduced	  from	  (Praagman	  et	  al.,	  2006).	  
It	   has	   also	   been	   shown	   that	   there	   are	   inter-­‐individual	   differences	   between	   the	   recruitment	  
strategies	   used;	   this	   may	   be	   due	   to	   morphological	   differences	   or	   differing	   control	   strategies	  
between	  individuals	  (Praagman,	  2008,	  Steenbrink	  et	  al.,	  2006).	   It	  seems	  reasonable	  to	  assume	  
that	   different	   desired	   outcomes	   will	   lead	   to	   alternative	   muscle	   recruitment	   strategies	   and	  
therefore	   a	   uniform,	   single	   recruitment	   strategy	   may	   not	   be	   relevant,	   and	   a	   variable	  
optimisation	   is	   therefore	  useful.	   This	   is	   particularly	   important	   for	   high	  output	   (speed,	   load	  or	  
accuracy)	  activities	  where	  the	  reduction	  of	  physiological	  cost	  may	  be	  inappropriate.	  
EMG	  driven	   simulations	  have	  been	  developed	   that	   use	   EMG	   to	   identify	   active	  muscles	   in	   the	  
shoulder	   during	   an	   activity	   and	   feed	   into	   the	   load	   sharing	   optimisation	   (Langenderfer	   et	   al.,	  
2005,	  Koo	  &	  Mak,	  2005,	  Laursen	  et	  al.,	  1998).	  This	  method	  could	  help	  solve	  the	  difficult	  issue	  of	  
predicting	  muscle	  co-­‐contraction	  and	  activation	  patterns.	  However,	  extensive	  measurements	  of	  
poorly	  accessible	  muscles	  are	  required	  and	  the	  risk	  of	  crosstalk	  and	  movement	  artefacts	  is	  still	  
significant	  (Laursen	  et	  al.,	  1998,	  De	  Luca,	  1997).	  
4.4.5 Results	  comparison	  
The	   forces	   at	   the	   GH	   joint	   are	   compared	   for	   standardised	   activities,	   showing	   similar	   results	  
between	  the	  models	  with	  available	  joint	  force	  data	  (Figure	  4.3).	  The	  SSM	  is	  somewhat	  different;	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this	  may	  demonstrate	  the	  important	  effects	  of	  excluding	  the	  elbow	  joint	  (Figure	  4.3b).	  It	  is	  also	  
interesting	   to	   note	   the	   significant	   effect	  within	   a	   simulation	   of	   a	   different	   distribution	   of	   the	  
PCSA	  through	  the	  Deltoid	  between	  the	  original	  and	  modified	  NSM	  (middle	  deltoid	  changed	  from	  
2.3cm2	  to	  3.9cm2	  respectively	  and	  conversely	  in	  the	  posterior	  deltoid).	  This	  clearly	  illustrates	  the	  
role	  of	  muscle	  PCSA	  distribution	  in	  a	  muscle	  load-­‐sharing	  optimisation.	  
	  
	  
Figure	  4.3:	  Comparison	  of	  glenohumeral	  (GH)	  joint	  reaction	  forces	  in	  several	  models	  for	  (a)	  Forward	  Flexion	  and	  (b)	  
Abduction.	   ‘DSEM’	   refers	   to	   the	   group’s	   original	  model	   (van	   der	  Helm,	   1994b),	   ‘IDO’	   to	   the	   newest	   DSEM	   in	   its	  
simplest	  form	  (inverse	  dynamics	  optimisation;	  Nikooyan	  et	  al.,	  2011),	   ‘IFDOC’	  to	  the	  DSEM	  model	   incorporating	  a	  
forward	   controller	   (inverse	   forward	  dynamics	  optimisation	  with	   controller;	  Nikooyan	  et	   al.,	   2011).	   These	  models	  
are	  normalised	  with	  an	  estimated	  body	  mass	  of	  67kg	  based	  on(Nikooyan,	  2012).	  The	   ‘Modified	  NSM’	   is	   the	  NSM	  
using	   the	   corrected	   value	   of	   3.9cm2	   for	   the	   middle	   deltoid	   PCSA	   and	   2.3cm2	   for	   the	   posterior	   deltoid	   PCSA	  
(Masjedi,	  2009,	  Charlton	  &	  Johnson,	  2006)	  and	  ‘Original	  NSM’	  is	  without	  this	  modification	  i.e.	  values	  are	  assigned	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4.5 Validation	  and	  Verification	  of	  Models	  
Validation	  of	  upper	  limb	  musculoskeletal	  models	  is	  essential	  for	  clinical	  applicability	  and	  general	  
utility.	  It	  is	  an	  area	  that	  is,	  historically,	  poorly	  addressed	  because	  of	  the	  difficulties	  in	  measuring	  
in	  vivo	  muscle	   forces.	  The	  validation	   techniques	  used	   for	   the	  outputs	  of	  complete	  models	  are	  
discussed.	  Validation	  at	  all	   levels	  of	  a	  model	   is	  vital	   (Lund	  et	  al.,	  2012)	   since	   it	  yields	  a	  better	  
overall	  picture	  and	  it	  ensures	  that	  combined	  errors	  are	  not	  conspiring	  to	  give	  a	  desirable	  output.	  
4.5.1 Joint	  contact	  forces	  
Instrumented	  prostheses	  have	  recently	  yielded	  results	   from	  post-­‐surgery	  patients:	  providing	  a	  
direct	  in-­‐vivo	  measurement	  of	  the	  joint	  contact	  force	  at	  the	  GH	  joint	  (Westerhoff	  et	  al.,	  2009a).	  
These	   forces	   have	   been	   compared	   to	   predicted	  GH	   joint	   force	   in	   the	  DSEM	   (Nikooyan	   et	   al.,	  
2010).	   Other	  models	   have	   attempted	   similar	   validations,	  without	   success	   in	   obtaining	   results	  
(Kontaxis	  &	  Johnson,	  2009).	  This	  can	  be	  considered	  the	  current	  gold	  standard	  validation	  method	  
since	  it	  is	  a	  direct	  in	  vivo	  measurement	  that	  takes	  into	  account	  both	  the	  inverse	  dynamics	  results	  
as	   well	   as	   the	   muscle	   forces	   (albeit	   in	   a	   general	   sense).	   However,	   there	   are	   a	   number	   of	  
drawbacks:	   the	   patients	   used	   have	   a	   limited	   range	   of	  motion	   (60-­‐85°	   humerothoracic	   range;	  
Nikooyan	   et	   al.,	   2010)	   and	  may	   have	   reduced	   or	   damaged	  musculature	   from	   the	   associated	  
surgery	  that	  affects	  muscular	  function	  and	  kinematics.	  The	  neural	  control	  mechanism	  may	  also	  
be	  compromised;	  affected	  by	  pain	  and	  reduced	  range	  of	  movement	  or	  the	  coping	  mechanisms	  
learnt	   before	   surgery.	   These	   devices	   also	  measure	   joint	   contact	  moments;	   finding	   substantial	  
moments	  of	  up	  to	  7Nm	  in	  slow	  elevation	  with	  2kg	  in	  the	  hand	  (Westerhoff,	  2008).	  This	  friction	  
in	   the	   artificial	   joint	   should	   be	   accounted	   for	   when	   comparing	   models	   designed	   for	   normal	  
subjects	  where	  frictional	  moments	  may	  be	  smaller.	  Nonetheless	  this	  is	  a	  significant	  step	  forward	  
in	  the	  validation	  of	  these	  models.	  
4.5.2 Muscle	  forces	  and	  ligament	  loading	  
Validation	  of	  predicted	  muscle	  forces	  in	  shoulder	  models	  is	  often	  performed	  by	  comparison	  to	  
EMG	  signals	  (van	  der	  Helm,	  1994b,	  Crowninshield,	  1978).	  This	  method	  can	  give	  an	  indication	  of	  
the	   activation	   of	   the	   muscles	   in	   the	   shoulder,	   as	   demonstrated	   in	   EMG	   driven	   models	  
(Langenderfer	  et	  al.,	  2005),	  but	   it	  has	   long	  been	  accepted	  as	  a	  poor	  estimator	  of	  muscle	  force	  
generation	  (Favre,	  Snedeker	  &	  Gerber,	  2009,	  Hof,	  1997,	  van	  der	  Helm,	  1994b).	  This	  is	  partly	  due	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to	   the	   force-­‐length	  characteristics	   that	  determine	   the	  muscles’	  ability	   to	  create	   force	  at	  given	  
activation	   levels	   (Zajac,	   1989).	   Inherent	   problems	   still	   remain	   such	   as	   cross-­‐talk	   and	   the	  
unpredictable	  pattern	  of	  activation	  within	  the	  individual	  muscles	  (de	  Groot	  et	  al.,	  2004,	  Meskers	  
et	  al.,	  2004).	  Imperfect	  though	  it	  is,	  validation	  of	  model-­‐predicted	  muscle	  forces	  with	  EMG	  has	  
shown	  some	  agreement	  in	  activation	  patterns	  (Dubowsky	  et	  al.,	  2008,	  van	  der	  Helm,	  1994b).	  
Strictly	  defined	  motions	  and	   therefore	   loading	  of	   shoulder	  muscles,	   in	  combination	  with	  EMG	  
measurement,	   has	   given	   repeatable	   EMG	   data	   that	   shows	   a	   good	   agreement	   with	   model	  
predicted	  muscle	  function	  for	  the	  NSM	  (Johnson	  &	  Pandyan,	  2005).	  Further	  experiments	  of	  this	  
sort	  could	  provide	  a	  relatively	  simple	  and	  effective	  model	  validation	  in	  normal	  subjects.	  
The	  load-­‐sharing	  strategy	  used	  in	  the	  upper	  limb	  can	  have	  a	  significant	  effect	  on	  the	  predicted	  
muscle	  outputs	   (Nikooyan	  et	  al.,	  2010,	  Rasmussen,	  Damsgaard	  &	  Voigt,	  2001).	  EMG	  has	  been	  
used	  to	  examine	  which	  muscles	  are	  active	  during	  specific	  motions	  (Praagman,	  2008,	  Erdemir	  et	  
al.,	   2007,	   van	   der	   Helm,	   1994b)	   although	   the	   same	   drawbacks	  with	   EMG	   apply	   giving	   only	   a	  
good	   estimate	   of	  whether	   the	  muscle	   is	   active	   or	   not.	   This	   technique	   has	   been	   used	   to	   help	  
validate	   the	   reduction	   of	   physiological	   cost	   in	   the	   objective	   function	   with	   some	   success	   in	  
isometric	   tasks,	   although	   it	  was	   noted	   that	   the	   activation	   patterns	  would	   change	   in	   dynamic	  
activities	   (Praagman	   et	   al.,	   2006).	   The	   importance	   of	   tailoring	   recruitment	   strategies	   to	   the	  
activity	   being	   analysed	   is	   important,	   as	   discussed	   above.	   Appropriate	   co-­‐contraction	   of	   the	  
muscles	  has	  also	  been	  validated	  to	  a	   limited	  degree	  (Cleather,	  Goodwin	  &	  Bull,	  2011,	  Favre	  et	  
al.,	   2005).	   Neural	   anatomy,	   and	   particularly	   the	   connection	   of	   nerve	   pathways,	   may	   cause	  
particular	  muscles	  to	  be	  activated	  together.	  This	  area	  has	  seen	  little	  research	  in	  the	  upper	  limb	  
but	  has	  the	  potential	  to	  improve	  the	  modelling	  of	  muscle	  recruitment	  strategies.	  
Some	  methods	  exist	  to	  measure	  the	  musculotendon	  force	  directly	  in	  vivo	  (Fleming	  &	  Beynnon,	  
2004).	  Only	  one	   study	  has	  been	   found	   that	  measures	   these	   in	   the	   living	   shoulder	   (Bull	   et	   al.,	  
2005).	   The	   techniques	   have	   excellent	   potential	   in	   model	   validation	   though	   only	   superficial	  
muscles	  can	  be	  easily	  accessed.	  In	  addition,	  it	  is	  not	  currently	  well	  understood	  how	  the	  surgery	  
may	  disturb	  normal	  movement	  and	  loading.	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4.6 Future	  Development	  of	  Shoulder	  Models	  
The	   desired	   application	   of	   the	  model	   is	   vital	   when	   examining	   the	  modelling	   approach	   being	  
used.	  In	  a	  model	  where	  fine	  movement	  control	  is	  required	  a	  modelling	  solution	  that	  optimises	  
stability	   (but	   produces	   co-­‐contraction)	  may	   be	   appropriate.	   However,	  where	   power	   output	   is	  
important	   a	   model	   must	   address	   the	   power	   limitations	   in	   the	   modelling	   assumptions	   for	  
example	   PCSA	   definitions,	   cost	   function	   to	   reduce	   metabolic	   energy	   or	   inappropriate	  
kinematics.	  This	  emphasises	   the	   importance	  of	  having	  a	  range	  of	  models	  designed	  for	  specific	  
applications.	  
Evidently	  direct	  in	  vivo	  measurement	  of	  muscle	  forces	  in	  healthy	  subjects	  is	  the	  ideal	  validation.	  
An	   in	   vivo	   measurement	   of	   muscle	   force	   has	   been	   discussed	   for	   the	   shoulder	   in	   which	   an	  
arthroscopically	   implantable	   force	   probe	   is	   used	   to	   measure	   active	   tendon	   force	   during	  
maximum	  internal	  rotation	  of	  the	  shoulder	  (Bull	  et	  al.,	  2005).	  Other	  authors	  have	  examined	  the	  
validity	   of	   animal	   models	   with	   these	   techniques	   (Herzog	   &	   Leonard,	   1991).	   Development	   of	  
these	  techniques	  may	  be	  invaluable	  for	  validation	  of	  model	  muscle	  force	  predictions.	  
Sensitivity	  analyses	  are	  also	  vital	  in	  the	  validation	  of	  models	  since	  they	  are	  able	  to	  identify	  any	  
areas	  where	  models	   are	   less	   robust	   to	   variations	   in	   a	   parameter	   and	   thus	   key	   foci	   for	   input	  
accuracy.	  Studies	  exist,	  and	  have	  been	  discussed,	  that	  show	  the	  importance	  of	  appropriate	  joint	  
centre	  placement,	  kinematics,	  PCSA,	  muscle	  wrapping	  and	  segment	  length	  and	  muscle	  insertion	  
scaling.	  
Inverse/Forward	  models	  also	   seem	  to	  be	   improving	  confidence	   in	   these	  modelling	   techniques	  
since	   the	   forward	   element	   acts	   to	   create	   the	   prescribed	   motion	   using	   the	   predicted	   muscle	  
forces.	  Caution	  should	  be	  taken	  here	  since	  these	  models	  are	  still	   susceptible	  to	  errors	   in	  their	  
internal	  workings	  that	  can	  conspire	  to	  give	  a	  correct	  output.	  
The	   comparison	   with	   instrumented	   implants	   has	   been	   a	   significant	   step	   forward	   in	   the	  
validation	  of	  musculoskeletal	  models	  but	   there	  are	  still	   a	  number	  of	  areas	   requiring	  attention	  
before	   they	   can	   be	   considered	   complete,	   particularly	   the	   restricted	   and	   seemingly	   unnatural	  
movements	   observed	   in	   the	   patients	   tested	   (Bergmann	   &	   Graichen,	   2012).	   Appropriate	  
presentation	   of	   model	   validation	   studies	   is	   also	   vital	   and	   it	   has	   been	   suggested	   that	   blind	  
validation	  studies	  are	  an	  important	  way	  to	  achieve	  this	  since	  the	  models	  will	  not	  be	  fitted	  to	  suit	  
the	  particular	  test	  (Lund	  et	  al.,	  2012).	  Similarly,	  freely	  available	  and	  complete	  datasets	  are	  vital	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for	   standardisation	   of	   the	   validation	   field,	   although	   this	   is	   becoming	   increasingly	   available	  
(Bergmann	  &	  Graichen,	  2012).	  
The	  use	  of	  blind	  tests,	  where	  experimental	  results	  are	  only	  available	  after	  modelling	  has	  been	  
completed	   (for	   example;	   Fregly	   et	   al.,	   2012),	   and	   standardised	   model	   comparisons	   are	   also	  
important	   (Lund	   et	   al.,	   2012).	   Transparency	   in	   model	   development	   is	   very	   poor,	   with	   some	  
groups	  publishing	  very	  occasionally	  and	  others	  not	  at	  all.	  Figure	  4.3	  shows	  the	  available	  GH	  joint	  
reaction	  forces	  for	  the	  models	  examined	  here,	  and	  yet	  only	  a	  very	  limited	  comparison	  is	  possible	  
between	   two	   models	   in	   flexion	   and	   three	   in	   abduction.	   The	   drawbacks	   to	   this	   situation	   are	  
obvious,	   but	   things	   may	   be	   improving	   with	   databases	   of	   instrumented	   implants	   already	  
available	   (Bergmann	  &	  Graichen,	  2012).	  These	  could	  be	  expanded	  to	  display	  modelling	  results	  
alongside	  measured	  values	  giving	  an	  easy	  and	  standardised	  comparison	  facility.	  In	  this	  situation	  
it	  would	  be	  important	  that	  the	  modelling	  assumptions	  used	  were	  clearly	  laid	  out.	  
The	  importance	  of	  fitting	  a	  model	  to	  an	  individual	  subject	  is	  clear.	  Currently	  there	  is	  a	  lack	  of	  a	  
coherent	   scaling	  methodology	   that	   allows	   robust	   and	   accurate	   kinematics	   representations	   of	  
individual	   subjects.	   Increased	   measurement	   accuracy,	   altered	   optimisation	   techniques	   and	  
different	  model	   constraints	  may	  be	  able	   to	   improve	   this,	  particularly	   for	   the	   scapula.	   Imaging	  
techniques	  may	  also	  play	  an	  important	  role	  in	  facilitating	  greater	  subject-­‐specificity,	  particularly	  
for	  muscle	   attachments	   and	  PCSAs	   (Holzbaur	   et	   al.,	   2007b,	  Holzbaur	   et	   al.,	   2007a)	   as	  well	   as	  
body	  segment	  parameters	   (DAVID	  3D	  Solutions	  GbR,	  2012,	  Pandis	  et	  al.,	  2008),	  both	  of	  which	  









− Current	  shoulder	  models	  have	  been	  introduced,	  and	  their	  utility	  in	  determining	  normal	  
loading,	  wheelchair	  design,	  implant	  design	  and	  analysis	  of	  soft	  tissue	  surgery	  discussed.	  
− The	  specific	  data	  and	  modelling	  methods	  used	  in	  current	  models	  is	  presented,	  with	  gold	  
standards	  highlighted	  in	  each.	  Particularly	  sensitive	  or	  important	  areas	  were	  highlighted:	  
• Model	   methods	   to	   deal	   with	   scapula	   and	   clavicle	   kinematics	   are	   shown	   to	   be	  
limited	   in	  their	  ability	  to	  represent	  subject-­‐specific	  kinematics,	  with	  a	  relaxation	  
of	  the	  closed-­‐chain	  constraints	  and	  improved	  scaling	  potentially	  a	  useful	  advance.	  
• The	   limitations	   of	   standard	   techniques	   to	   define	   model	   body	   segment	  
parameters	   are	   seen	   to	   be	   limited	   with	   imaging	   and	   regression	   techniques	  
potentially	  improving	  this.	  
• Muscle	  paths	  are	  seen	  to	  generally	  be	  in	  the	  range	  of	  in-­‐vivo	  measures,	  but	  a	  lack	  
of	  linkage	  between	  fibres	  and	  the	  shortest	  path	  algorithm	  can	  lead	  to	  problems.	  
• The	  relationship	  between	  muscle	  PCSA	  and	  maximum	  force	  output	   is	  observed,	  
but	   seen	   to	   be	   limited,	   particularly	   in	   subject-­‐specific	   cases	   where	   PCSAs	   are	  
poorly	  scaled.	  
− The	  validation	  of	  models	  through	  EMG	  and	  instrumented	  implants	  is	  described	  as	  
important	  but	  with	  significant	  limitations.	  Thus	  the	  continued	  development	  of	  these	  
techniques	  with	  sensitivity	  studies,	  publicly	  available	  validation	  datasets	  and	  more	  focus	  







Chapter	  5 	  
Skin-­‐fixed	  scapula	  trackers	  –	  A	  comparison	  of	  two	  




This	  chapter	  uses	  the	   improved	  palpation	  and	  skin	  fixation	  methods	  described	   in	  Chapter	  3	  to	  
compare	   two	   skin-­‐fixed	   scapula	   tracking	   devices.	   The	   work	   also	   aims	   to	   examine	   optimal	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A	   number	   of	   gold	   standard	   scapula	  measurement	   techniques	   were	   introduced	   in	   Chapter	   3.	  
Palpation	  methods	  were	  described	  as	  having	  comparable	  accuracy	  to	  other	  invasive	  techniques,	  
but	   were	   highlighted	   as	   impractical	   for	   dynamic	   movements	   or	   those	   that	   explore	   a	   large	  
volume	   (for	   example	   athletic	   activities	   such	   as	   pull-­‐ups).	   However,	   palpation	   methods	   have	  
recently	   been	   extended	   to	   slow	   movements,	   and	   the	   addition	   of	   pressure	   sensors	   on	   the	  
Palpator	  feet	  have	  shown	  to	  improve	  repeatability	  (Shaheen,	  Alexander	  &	  Bull,	  2011b).	  Invasive	  
methods	   such	   as	   bone	  pins	   (Karduna	   et	   al.,	   2001)	   allow	   accurate	  measurement	   in	   a	   dynamic	  
movement	  but	  are	  impractical	  for	  the	  wider	  population	  and	  in	  extreme	  activities.	  
Of	  the	  two	  skin-­‐fixed	  methods	  presented	  in	  the	  literature	  (Chapter	  3),	  the	  Scapula	  Tracker	  (ST)	  
has	   previously	   been	   shown	   to	  have	   greater	   accuracy	   than	   the	  Acromial	  Method	   (AM)	   (Figure	  
5.1;	  Karduna	  et	  al.,	  2001).	  However,	  as	  shown	   in	  Chapter	  3,	  as	   the	  position	  of	   the	  AM	  can	  be	  
optimised	  (Shaheen,	  Alexander	  &	  Bull,	  2011a),	  so	  a	  comparison	  between	  the	  ST	  and	  AM	  at	  the	  
optimal	   positions	   is	   required.	   In	   addition	   to	   the	   position	   of	   attachment,	   the	   position	   of	  
calibration	  was	  also	  discussed	  as	  a	  method	  to	  influence	  measurement	  accuracy.	  The	  calibration	  
used	  in	  previous	  studies	   i.e.	  with	  no	  humeral	  elevation	  (van	  Andel	  et	  al.,	  2009,	  McClure	  et	  al.,	  
2001,	  Karduna	  et	  al.,	  2001),	  leads	  to	  increasing	  measurement	  errors	  as	  the	  scapula	  moves	  away	  
from	  the	  calibration	  position	   (van	  Andel	  et	  al.,	  2009,	  Karduna	  et	  al.,	  2001);	  becoming	   large	  at	  
higher	  angles	  of	  humeral	  elevation.	  A	  study	  of	  knee	  kinematics	  (Cappello	  et	  al.,	  2005)	  analysed	  
the	   use	   of	   two	   calibration	   points	   during	   a	  movement,	   but	   this	  work	   has	   not	   previously	   been	  
applied	   to	   the	   shoulder,	   and	   little	   work	   has	   been	   done	   to	   find	   optimal	   calibration	  
methodologies.	  
Therefore	  the	  aim	  of	  this	  chapter	   is	  to	  compare	  the	  ST	  and	  AM	  at	  an	  optimal	  fixation	  position	  
and	  across	  a	  range	  of	  calibration	  positions	  during	  a	  dynamic	  activity.	  
5.2 Methods	  
5.2.1 Subjects	  
Ten	  healthy	  male	  subjects	  with	  no	  history	  of	  shoulder	  pathology	  participated	  in	  the	  study	  (age	  =	  
27	  ±	  4	  years).	  Informed	  consent	  was	  obtained	  from	  each	  subject.	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5.2.2 Measurements	  
Kinematic	  data	  was	  collected	  using	  a	  10	  camera	  optical	  motion	  tracking	  system	  (Vicon,	  Oxford,	  
UK)	  at	  200Hz.	  
A	  lightweight	  ST	  (Karduna	  et	  al.,	  2001)	  was	  created	  (27.5g)	  that	  incorporated	  a	  cluster	  of	  three	  
retro-­‐reflective	   markers	   (Figure	   5.1).	   This	   consisted	   of	   a	   base	   that	   was	   attached	   to	   the	   mid	  
portion	  of	  the	  scapula	  spine,	  and	  an	  adjustable	  arm	  that	  positioned	  the	  ‘foot’	  onto	  the	  meeting	  
point	   between	   the	   acromion	   process	   and	   the	   scapula	   spine.	   A	   previously	   described	   AM	  
(Shaheen,	   Alexander	   &	   Bull,	   2011a)	   was	   used	   (4.8g)	   with	   a	   cluster	   of	   three	   retro-­‐reflective	  
markers	   (Figure	   5.1).	   The	   base	   of	   the	   AM	   was	   also	   optimally	   placed	   on	   the	   meeting	   point	  
between	  the	  acromion	  process	  and	  the	  scapular	  spine	  (Shaheen,	  Alexander	  &	  Bull,	  2011a).	  Both	  
methods	  were	  attached	  to	  the	  skin	  with	  double-­‐sided	  tape.	  
Here,	   a	   Palpator	  with	  pressure	   sensors	   is	   used	   as	   the	   gold	   standard	  measurement	  of	   scapula	  
rotations	  as	  errors	  associated	  with	  static	  palpation	  of	  landmarks	  are	  approximately	  2°	  (de	  Groot,	  
1997).	   The	   pressure	   sensors	   avoid	   any	   variable	   and	   large	   pressure	   on	   the	   scapula	   that	  might	  
influence	   the	   scapula	  motion	   (Shaheen,	  Alexander	  &	  Bull,	   2011b). A	   set	  of	   twenty	  one	   retro-­‐
reflective	   markers	   (Shaheen,	   Alexander	   &	   Bull,	   2011a),	   including	   those	   described	   in	   the	   ISB	  





Figure	  5.1:	  Schematic	  drawings	  of	  the	  scapula	  Palpator,	  Scapula	  Tracker	  (ST)	  and	  Acromial	  Method	  (AM)	  used	  in	  this	  
study;	  including	  points	  of	  attachment.	  
	  
Figure	  5.2:	  Position	  of	  retro-­‐reflective	  markers.	  Solid	  circles	  indicate	  markers	  attached	  to	  skin	  during	  the	  trials	  and	  
open	  circles	  show	  virtual	  points	  that	  are	  defined	  relative	  to	  a	  technical	  coordinate	  frame.	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Segment	  of	  markers	   Marker	  name	   Description	  of	  marker	  placement	  
Thorax	   IJ	   Deepest	  point	  of	  Incisura	  Jugularis	  (suprasternal	  notch)	  
	   MA	   Sternal	  angle	  
	   PX	   Xiphoid	  process,	  most	  caudal	  point	  on	  the	  sternum	  
	   C7	   spinous	  process	  of	  the	  7th	  cervical	  vertebra	  
	   T4	   spinal	  process	  of	  the	  4th	  thoracic	  vertebra	  
	   T8	   spinal	  process	  of	  the	  8th	  thoracic	  vertebra	  
Clavicle	   SC	   Most	  ventral	  point	  on	  the	  sternoclavicular	  joint	  
(shared	  with	  scapula)	   AC	  (RA)	   Most	  dorsal	  point	  on	  the	  right	  acromioclavicular	  joint	  
	   LA	   Most	  dorsal	  point	  on	  the	  left	  acromioclavicular	  joint	  
Scapula	   Tr1	   Most	  medial	  marker	  on	  the	  AM	  or	  ST	  marker	  cluster	  
	   Tr2	   Middle	  marker	  of	  AM	  or	  ST	  cluster	  
	   Tr3	   Most	  lateral	  marker	  on	  the	  AM	  or	  ST	  marker	  cluster	  
virtual	   AA	   Acromial	  angle,	  most	  laterodorsal	  point	  of	  the	  scapula	  
virtual	   TS	   Trigonum	  Spinae,	  the	  midpoint	  of	  the	  triangular	  surface	  on	  the	  medial	  border	  of	  the	  scapula	  in	  line	  with	  the	  scapular	  spine	  
virtual	   AI	   Inferior	  angle,	  most	  caudal	  point	  of	  the	  scapula	  
Humerus	   DI	   Deltoid	  insertion	  
	   BB	   Origin	  of	  brachioradialis	  
	   TB	   Medial	  head	  of	  triceps	  
virtual	   GH	   Glenohumeral	  rotation	  centre	  (estimated	  functional	  method)	  
virtual	   LE	   Most	  caudal	  point	  on	  lateral	  epicondyle	  
virtual	   ME	   Most	  caudal	  point	  on	  medial	  epicondyle	  
Forearm	   SB	   Distal	  marker	  on	  forearm	  
	   SS	   Central	  marker	  of	  forearm	  
	   SF	   Flexor	  carpi	  ulnaris	  
Hand/Wrist	   RS	   Most	  caudal–lateral	  point	  on	  the	  radial	  styloid	  
	   US	   Most	  caudal–medial	  point	  on	  the	  ulnar	  styloid	  
	   F1	   Centre	  of	  the	  metacarpal	  on	  the	  back	  of	  the	  hand	  
Head	   MH	   Medial	  and	  anterior	  point	  on	  the	  head	  
	   LH	   Left	  side	  of	  the	  head	  
	   RH	   Right	  side	  of	  the	  head	  
Table	  5.1:	  Description	  of	  all	  markers	  used	  in	  this	  thesis	  (majority	  from	  ISB	  recommendations;	  Wu	  et	  al.,	  2005).	  Grey	  
markers	  are	  virtual	  markers,	  calculated	  based	  on	  digitization	  in	  a	  specific	  position.	  
5.2.3 Procedure	  
After	  appropriate	  rehearsal,	  subjects	  performed	  slow,	  controlled	  bilateral	  abduction	  over	  their	  
full	  range	  of	  motion	  in	  the	  scapular	  plane	  whilst	  seated	  on	  a	  backless	  stool.	  Appropriate	  practice	  
allowed	  subjects	  to	  rehearse	  the	  movement	  until	  they	  could	  keep	  a	  steady	  pace,	  following	  the	  
guidance	  path	  appropriately.	   The	  guidance	  path	   consisted	  of	   a	   line	  marked	  on	   the	   floor,	  wall	  
and	  ceiling	  of	   the	   laboratory	  which	  was	   tracked	  by	  a	   laser	  pointer	  held	  by	   the	  subject	   (Figure	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5.3).	   The	   Palpator	   and	   ST	   measurements	   were	   recorded	   simultaneously	   for	   three	   trials.	   The	  
trials	  were	   then	   repeated	  with	   the	   Palpator	   and	   AM	  measurements	   recorded	   simultaneously	  
according	  to	  the	  methods	  of	  (Shaheen,	  Alexander	  &	  Bull,	  2011a).	  A	  visual	  inspection	  showed	  no	  
interaction	  between	  the	  Palpator	  and	  the	  skin-­‐fixed	  techniques.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  5.3:	  Guidance	  path	  travelling	  along	  the	  floor	  and	  up	  the	  wall	  with	  the	  back-­‐less	  stool	  also	  shown	  (left).	  An	  
example	  of	  a	  subject	  following	  this	  path	  using	  a	  laser	  pointer	  during	  scapula	  plane	  abduction	  is	  also	  shown.	  	  	  
Aliah	  Shaheen	  attached	  the	  AM	  to	  the	  subject	  and	  then	  positioned	  and	  controlled	  the	  Palpator	  
throughout	  all	  the	  trials.	  The	  author	  attached	  the	  ST	  throughout	  the	  trials.	  	  
Seven	  subjects	  from	  a	  previous	  parallel	  study	  (Shaheen,	  Alexander	  &	  Bull,	  2011a)	  were	  used	  as	  
well	   as	   three	   additional	   subjects;	   measurements	   were	   taken	   during	   the	   same	   experimental	  
session.	  
5.2.4 Data	  Analysis	  
As	  identified	  in	  Chapter	  3,	  the	  most	  appropriate	  method	  for	  kinematic	  analysis	  was	  to	  follow	  the	  
ISB	   recommendations.	   The	   co-­‐ordinate	   frames	   for	   the	   thorax,	   humerus,	   forearm	   and	   scapula	  
were	   defined	   as	   described	   in	   those	   recommendations	   (Section	   2.5.5;	  Wu	   et	   al.,	   2005).	   Euler	  
rotations	   were	   used	   to	   calculate	   the	   humerothoracic	   rotations	   in	   the	   sequence	   x-­‐z’-­‐y’’	  
(abduction,	   flexion,	   axial	   rotation),	   while	   scapulothoracic	   rotations	   were	   calculated	   using	   the	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sequence	   y-­‐x’-­‐z’’	   (internal	   rotation,	   upward	   rotation,	   posterior	   tilt;	   Figure	   5.4).	   Since	   only	  
abduction	  of	  the	  humerus	  is	  presented,	  a	  sequence	  was	  chosen	  where	  this	  rotation	  was	  the	  first	  
in	  the	  Euler	  sequence.	  	  
	  
Figure	  5.4:	  Rotations	  of	  the	  scapula.	  
The	   ST	   coordinate	   frame	   was	   calibrated	   to	   the	   anatomical	   coordinate	   frame	   of	   the	   scapula,	  
defined	  using	  the	  ISB	  recommended	  anatomical	  landmarks	  (Wu	  et	  al.,	  2005);	  measured	  directly	  
by	   the	   Palpator.	   Calibration	   was	   performed	   at	   30°,	   60°,	   90°	   and	   120°	   of	   humerothoracic	  
elevation	   in	  the	  scapular	  plane.	  Each	  of	  the	  four	  calibrations	  was	  performed	  and	  the	  resulting	  
coordinate	   frame	   transformation	   applied	   over	   the	   full	   range	   of	   motion,	   giving	   four	   sets	   of	  
measurement	   errors	   corresponding	   to	   these	   four	   calibration	   positions.	   All	   calibrations	   were	  
done	  during	  the	  simultaneous	  measurements	  with	  the	  ST	  (or	  AM)	  and	  Palpator.	  By	  definition,	  at	  
the	  position	  of	  calibration	  the	  two	  coordinate	  frames	  coincide	  (Figure	  5.5a).	  As	  subjects	  move	  
their	  arm	  the	  two	  coordinate	  frames	  diverge	  due	  to	  soft	  tissue	  deformations	  (Figure	  5.5b).	  30°	  
humerothoracic	  elevation	  was	  the	  smallest	  angle	  common	  to	  all	  subjects	  and	  was	  thus	  used	  as	  
the	  neutral	  position.	  A	  ‘multiple’	  calibration	  was	  performed	  where	  the	  calibration	  position	  used	  
was	  changed	  throughout	  the	  motion:	  below	  45°	  humerothoracic	  elevation	  the	  calibration	  at	  30°	  









calibration	   at	   90°	  was	  used	  and	   finally	  with	   calibration	   at	   120°,	   used	   from	  105°	  upwards,	   the	  
maximum.	  
	  
Figure	  5.5:	  Calibration	  of	  the	  ST,	  represented	  as	  a	  cluster	  of	  markers,	  at	  the	  neutral	  position	  (30°	  humerothoracic	  
elevation).	  The	  ST	  coordinate	  frame	  is	  shown	  in	  black	  (subscript	  ‘ST’).	  The	  open	  grey	  circles	  are	  the	  position	  of	  the	  
scapular	  landmarks	  as	  measured	  by	  the	  Palpator	  (subscript	  ‘P’)	  which	  define	  the	  scapular	  coordinate	  frame	  in	  grey	  
dashed	  lines	  (note	  the	  x	  axis	  going	  into	  the	  page).	  The	  closed	  black	  circles	  are	  the	  scapula	  landmarks	  as	  defined	  by	  
the	  digitised	  points	  in	  the	  ST	  coordinate	  frame	  which	  define	  the	  scapular	  coordinate	  frame	  in	  black	  (subscript	  ‘v’).	  
(a)	  Position	  of	  calibration	  at	  neutral	  abduction	  (where	  coordinate	  frames	  coincide)	  and	  (b)	  during	  abduction	  where	  
the	  errors	  of	  the	  ST	  causes	  differences	  between	  the	  two	  coordinate	  frames.	  Figure	  adapted	  from	  (Shaheen,	  2010).	  
Errors	   were	   found	   by	   subtracting	   the	   scapula	   coordinate	   frame	   rotations	   as	   defined	   by	   the	  
Palpator	  from	  the	  same	  rotations	  as	  defined	  by	  the	  ST.	  The	  sign	  of	  the	  error	  therefore	  indicates	  
if	  the	  method	  underestimated	  (positive)	  or	  overestimated	  (negative)	  scapular	  rotation.	  The	  RMS	  
errors	  were	   also	   calculated	   to	   allow	   comparison	  with	   literature	  measurements	   and	  provide	   a	  
real	   measure	   of	   error	   –	   not	   distorted	   by	   an	   averaging	   of	   over	   and	   under	   estimation	   across	  
subjects.	  The	  equivalent	  RMS	  errors	  found	  in	  this	  study	  were	  compared	  to	  those	  of	  a	  previous	  
bone	  pin	  study	  (Karduna	  et	  al.,	  2001)	  and	  a	  parallel	  study	  with	  the	  AM	  (Shaheen,	  Alexander	  &	  
Bull,	  2011a)	  all	  using	   the	  standard	  calibration	  method	  as	   introduced	  by	  Meskers	  et	  al.	   (2007).	  
The	  effect	  of	  calibration	  position	  on	  the	  ST	  and	  the	  AM	  was	  analysed	  with	  respect	  to	  the	  actual	  
error	  and	  the	  mean	  RMS	  errors	  across	  the	  range	  of	  motion.	  The	  Shapiro-­‐Wilk	  test	  verified	  that	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repeated	  measures	  ANOVA	  test	  was	  used	  to	  determine	  significant	  differences	  between	  the	  RMS	  
errors	  across	  the	  five	  calibration	  positions	  (p<0.05).	  Once	  the	  optimal	  single	  calibration	  position	  
was	  found	  the	  errors	  of	  the	  two	  skin-­‐fixed	  methods	  were	  compared	  at	  this	  calibration	  position.	  
A	  two-­‐way	  repeated	  measures	  ANOVA	  test	  was	  used	  to	  compare	  these	  RMS	  errors	  across	  the	  
full	  range	  of	  motion	  to	  determine	  the	  more	  accurate	  of	  the	  two	  methods.	  Where	  there	  was	  a	  
significant	   difference	   and	   a	   significant	   interaction	   between	   method	   and	   humerothoracic	  
elevation,	  a	  post-­‐hoc	  paired	  t-­‐test	  was	  used	  to	  find	  the	  specific	  humerothoracic	  elevations	  that	  
showed	  significant	  differences.	  
5.3 Results	  
The	  RMS	  errors	  of	  the	  two	  methods	  are	  equivalent	  to	  previous	  studies	  at	  the	  neutral	  calibration	  
position	   (30°	   of	   humerothoracic	   elevation	   here)	   (Figure	   5.6).	   Results	   calibrated	   at	   90°	   of	  
humerothoracic	   elevation	  are	  optimal	   for	  both	  measurement	   techniques	   (Table	  5.2),	   showing	  
significantly	  lower	  mean	  RMS	  errors	  (Table	  5.3)	  
The	  ST	  RMS	  errors	  are	   lower	  than	  the	  AM	  errors	   in	   internal	   rotation	  and	  posterior	   tilt	   for	   the	  
neutral	   calibration	   position	   (Figure	   5.6),	   the	   optimal	   calibration	   position	   (Figure	   5.7)	   and	   all	  
other	  single	  calibration	  positions	  (Table	  5.2).	  
Calibration	  position	  led	  to	  a	  significantly	  different	  pattern	  of	  error	  in	  the	  ST;	  an	  example	  of	  this	  
is	   shown	   in	   Figure	   5.8.	   The	   results	   of	   the	   statistical	   analysis	   comparing	   the	   two	   skin-­‐fixed	  








Figure	  5.6:	  RMS	  errors	  for	  the	  three	  rotations	  of	  the	  scapula	  as	  measured	  by	  the	  ST,	  compared	  to	  the	  AM	  (Shaheen,	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Figure	  5.7:	  RMS	  errors	  for	  the	  three	  rotations	  of	  the	  scapula	  as	  measured	  by	  the	  ST,	  compared	  to	  the	  AM	  (Shaheen,	  














































































	   	   	   	   	  
	  
	   	  	   Calibration	  
position	   30°	  	  	   60°	  
	  	  	  





	   Euler	  
rotation	  
	  	   	  (neutral	  position)	  	   (optimal	  position)	  	  	   	  
	  
Internal	  	  	  
ST	  	  	   3.8	   *	  
>70°	  
3.4	   2.6	   *	  
<40°	  
3.7	   1.8	  
-­‐	  	  
	  
	   AM	  	  	   7.9	   6.7	   5.9	   6.1	   2.2	   	  
	  
Upwards	  	  	  
ST	  	  	   4.8	  
-­‐	  	  
3	   2.8	  
-­‐	  	  
3.2	   1.7	  
-­‐	  	  
	  
	   AM	  	  	   4	   3.7	   3.2	   4.8	   1.9	   	  
	  
Posterior	  	  	  
ST	  	  	   3.8	   *	  
>100°	  
3.1	   2.5	   *	  
40	  –	  50°	  
>100°	  
3	   1.6	  
-­‐	  	  
	  
	    
	   AM	  	  	   7	   7	   6	   5.9	   2.5	    
Table	  5.2:	  Mean	  RMS	  errors	  with	  respect	  to	  the	  Palpator	  over	  the	  range	  of	  motion.	  Significant	  differences	  between	  
RMS	  errors	  of	  the	  ST	  and	  AM	  with	  a	  two	  way	  repeated	  measures	  ANOVA	  test	  across	  the	  range	  of	  motion:	  -­‐	  denotes	  
no	  significance	  and	  *	  denotes	  significance,	  both	  at	  p	  <	  0.05.	  Localised	  significance	  was	  then	  found	  with	  a	  paired	  t-­‐
test	  where	   a	   significant	   difference	   and	   a	   significant	   interaction	  between	  method	   and	  humerothoracic	   angle	  was	  
found.	  In	  all	  cases	  of	  significance	  the	  ST	  was	  the	  more	  accurate	  measure.	  
	  
	  
	   	   	   	   	   	   	   	   	   	  
	   Calibration:	   	   30°	   60°	   90°	   120°	   multiple	   Sig	   	  
	  
Int/Ext	  rotation	  
ST	   3.8	   3.4	   2.6	   3.7	   1.8	   -­‐	   	  
	   AM	   7.9	   6.7	   5.9	   6.1	   2.2	   *	   	  
	   Up/Down	  
rotation	  
ST	   4.8	   3.0	   2.8	   3.2	   1.7	   *	   	  
	   AM	   4.0	   3.7	   3.2	   4.8	   1.9	   *	   	  
	  
Ant/Post	  tilt	  
ST	   3.8	   3.1	   2.5	   3.0	   1.6	   *	   	  
	   AM	   7.0	   7.0	   6.0	   5.9	   2.5	   -­‐	   	  
Table	  5.3:	  Mean	  RMS	  errors	  with	  respect	  to	  the	  Palpator	  over	  the	  full	  range	  of	  motion	  with	  five	  different	  calibration	  
positions.	   ‘-­‐’	  denotes	  no	  significance	   found	  and	   ‘*’	  denotes	  significance	  at	  p<0.05	  across	   the	   first	   four	  calibration	  
positions.	  There	  were	  significant	  differences	  between	  the	  multiple	  calibration	  and	  the	  other	  (individual)	  positions	  in	  
all	  cases.	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Figure	  5.8:	  Measurement	  error	  of	   the	   scapula	  upward	   rotation	   recorded	  with	   the	   ST	   at	   five	  different	   calibration	  
positions	   for	   a	   representative	   subject.	   The	   different	   pattern	   of	   error	   with	   different	   calibration	   positions	   is	  
demonstrated.	  The	  multiple	  calibration	  is	  also	  shown,	  demonstrating	  the	  reduced	  error	  with	  this	  methodology.	  
5.4 Discussion	  
At	  both	  a	  standard	  and	  an	  optimal	  calibration	  position	  and	  in	  a	  slow	  dynamic	  activity	  the	  ST	  was	  
a	   significantly	   more	   accurate	   measure	   of	   internal	   rotation	   and	   posterior	   tilt	   than	   the	   AM,	  
particularly	  above	  100°	  of	  humerothoracic	  elevation	   (Figure	  5.6,	  Figure	  5.7	  and	  Table	  5.2).	  No	  
significant	  differences	  were	  found	  between	  the	  two	  skin-­‐fixed	  methods	  for	  upward	  rotations	  at	  
any	  calibration	  position.	  The	  ST,	  however,	  showed	  a	  more	  consistent	  pattern	  of	  error	  in	  upward	  
rotation	   –	  with	   an	   almost	   uniform	  underestimation	  of	   the	  motion	   across	   the	   subjects	   (Figure	  
5.9a).	   The	  AM,	   in	   contrast,	   both	  over	   and	  under	   estimated	   the	  upward	   rotation	  with	   a	   slight	  
overestimation	   in	   general	   (Figure	  5.9b).	  A	  previous	   study	  also	   found	  an	  underestimation	  with	  
the	   ST	   and	   found	   an	   overestimation	   with	   the	   AM	   (Karduna	   et	   al.,	   2001).	   However,	   the	   ST	  
showed	   slightly	   larger,	   but	   not	   statistically	   significantly	   larger,	   errors	   in	   upward	   rotation	  with	  
calibration	  at	  30°	  (Table	  5.2).	  
Smaller	   RMS	   errors	  were	   seen	   for	   upward	   rotation	   and	   posterior	   tilt	   for	   the	   ST	   in	   this	   study	  
when	  compared	  to	  a	  previous	  bone-­‐pin	  study	  (Karduna	  et	  al.,	  2001);	  Figure	  5.6).	  The	  differences	  


































placement	   of	   the	   ‘foot’	   of	   the	   ST	   between	   the	   two	   studies	   (Figure	   5.10).	   Increased	   error	   at	  
higher	  angles	  of	  humerothoracic	  elevation	  has	  been	  shown	  to	  exist	  with	  alternate,	  non-­‐optimal	  
attachment	  sites	  on	  the	  acromion	  (Shaheen,	  Alexander	  &	  Bull,	  2011a).	  It	  has	  also	  been	  shown,	  
however,	  that	  the	  reliability	  and	  thus	  potentially	  the	  accuracy	  of	  the	  Palpator	  may	  decrease	  at	  
higher	  angles	  of	  elevation	   (Shaheen,	  Alexander	  &	  Bull,	  2011b).	  The	  accuracy	  of	  bone	  pins	  has	  
also	  been	  called	   into	  question	  on	   the	  basis	  of	  measurement	  overestimation	   (Meskers,	   van	  de	  
Sande	  &	  de	  Groot,	  2007).	  However,	  this	  seems	  easily	  explicable	  given	  the	  potential	  interactions	  
between	   a	   skin-­‐fixed	  method	   and	   the	  muscles	   near	   the	   acromion.	   Bone	   pins	  may,	   however,	  
affect	  the	  natural	  movement	  of	  a	  subject	  through	  interaction	  between	  the	  pins	  and	  the	  skin	  or	  
due	  to	  the	  anaesthetics	  applied	  during	  the	  insertion	  of	  the	  pins.	  
	  
	  
Figure	  5.9:	  (a)	  Error	  of	  all	  trials	  with	  the	  ST	  compared	  to	  the	  Palpator.	  (b)	  Error	  of	  all	  trials	  with	  the	  AM	  compared	  to	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Figure	  5.10:	  Three	  possible	  attachment	  positions	  for	  the	  foot	  of	  the	  scapula	  tracker	  (A,	  B	  and	  C)	  are	  shown.	  Position	  
C	   is	   used	   in	   this	   study.	   Previous	   studies	   are	   unclear	   about	   the	   exact	   position	   of	   placement,	   but	   appear	   to	   use	  
positions	  A	  or	  B	  (Karduna	  et	  al.,	  2001).	  Potentially	  large	  soft	  tissue	  interactions	  are	  highlighted	  in	  positions	  A	  and	  B	  
during	  arm	  elevation.	  Pictures	  adapted	  from	  (Shaheen,	  2010).	  
Little	   effort	  has	  been	  put	   towards	   an	  explanation	   for	   the	  different	  patterns	  of	   error	  between	  
these	   two	   skin-­‐fixed	  methods	   in	   the	   literature.	   The	   AM	   has	   one	   point	   of	   attachment	   on	   the	  
acromion	   process,	   which	   in	   this	   case	   is	   the	   meeting	   point	   of	   the	   acromion	   process	   and	   the	  
scapula	  spine.	  Upward	  rotation	  of	  the	  scapula	  is	  thus	  effectively	  a	  tilting	  in	  the	  plane	  of	  the	  AM	  
(the	  flat	  of	  the	  acromion).	  Therefore	  this	  point	  should	  be	  less	  susceptible	  to	  skin	  artefacts,	  which	  
are	  often	  caused	  by	  sliding	  of	   the	  bone	  under	   the	  skin	   (Leardini	  et	  al.,	  2005).	  However,	  when	  
looking	  at	  internal	  rotation	  of	  the	  scapula	  this	  is	  effectively	  an	  in	  plane	  rotation	  of	  the	  plane	  of	  
attachment	  of	  the	  AM.	  The	  AM	  is	  thus	  highly	  susceptible	  to	  skin	  artefacts	  during	  this	  rotation	  
since	   the	  bone	   is	   sliding	  underneath	   the	  base	  of	   the	  AM	  with	   little	   tilting	   about	   the	  plane	  of	  
attachment.	  Similarly	  for	  posterior	  tilt	  the	  point	  of	  attachment	  is	  near	  the	  edge	  of	  the	  scapula	  
and	  therefore	  at	  higher	  angles	  the	  movement	  of	  the	  scapula	  is	  effectively	  in	  the	  same	  plane	  as	  
the	  plane	  of	  attachment.	  The	  small	  magnitudes	  of	  movements	  during	  posterior	   tilt	   also	  make	  
measurement	  in	  this	  plane	  difficult	  for	  any	  method.	  The	  ST	  has	  two	  points	  of	  attachment	  that	  
are	  in	  different	  planes.	  The	  same	  principal	  can	  be	  applied	  to	  the	  measurements	  of	  the	  ST,	  with	  
internal	  rotation	  and	  posterior	  tilt	  effectively	  providing	  a	  tilt	  to	  the	  plane	  of	  attachment	  of	  the	  
base	  of	  the	  ST,	  leaving	  it	  less	  susceptible	  to	  skin	  artefacts	  and	  therefore	  showing	  smaller	  errors	  
in	  these	  rotations.	  The	  translation	  of	  the	  bone	  under	  the	  skin	  will	  cause	  errors	  regardless.	  
Altering	   the	   calibration	   position	   changes	   the	   errors:	   reducing	   the	  mean	   error	   (Table	   5.2)	   and	  
distributing	   it	  more	  evenly	  over	   the	   full	   range	  of	  motion	   (Figure	  5.7	  and	  Figure	  5.8).	  Multiple	  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
Chapter 7: Study IV – The Acromial Tracker: a Clinical Alternative 
142  
• Position C – the meeting point between the acromion and the spine of the scapula. To 
the knowledge of the author this position has not been described or tested in any 
previous studies (Section 2.3.2.1).  
 
Figure 7-4: Acromial tracker attachment 
p sitions on acromion. Position A is near the 
anterior edge, Position B is above the acromial 
angle and Position C is the start of the spine of 
the scapula. 
 
Figure 7-5: Acromial tracker attachment 
positions on the acromion and scapula locator 
contact points. The white circles are attachment 
positions A, B and C on the acromion and the red 
circles (AA, TS and AI) are the contact points 
with the scapula locator – adopted from Schuenke 
et al (2006). 
 
Figure 7-6: Acromial tracker attached to Positions A, B and C at approximately 90° elevation.  
Each of these acromion positions was tested according to the following protocol: 
1. A static trial of the marker setup (Section 4.3.5). 
A B C 
A 
B C Maximal!arm!elevation!
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calibrations	  can	  therefore	  be	  effectively	  used	  for	  a	  full	  range	  of	  motion	  study.	  The	  limitation	  to	  
the	  multiple	  calibrations	  presented	  here	   is	  that	  discontinuities	  appear	   in	  the	  data	  (Figure	  5.8).	  
These	  discontinuities	  would	  make	  inverse	  dynamics	  analysis	  meaningless	  at	  those	  positions	  and	  
so	  some	  form	  of	   interpolation	  would	  be	  required	  (for	  example;	  Brochard,	  Lempereur	  &	  Remy-­‐
Neris,	   2009,	   Cappello	   et	   al.,	   2005).	   However,	   it	   is	   important	   to	   show	   the	   effects	   of	   changing	  
calibration	  positions	  on	  the	  raw	  data.	  The	  creation	  of	  a	  continuous	  relationship	  between	  the	  ST	  
and	  the	  locator	  is	  effectively	  a	  regression	  approach	  using	  the	  position	  of	  the	  scapula	  tracker	  as	  
the	  input	  and	  has	  not	  been	  explored	  here.	  
The	  optimal	  single	  calibration	  position	  was	  at	  90°	  humerothoracic	  elevation	   for	  both	  methods	  
(Table	  5.2).	  This	  optimum	  could	   in	   future	  be	  found	  for	  other	  motions.	  A	  good	  estimate	  of	   the	  
optimum	  in	  a	  general	  motion,	  based	  on	  findings	  here,	  would	  be	  the	  mid-­‐range	  of	  the	  motion.	  
For	  example,	  in	  motions	  of	  full	  range	  it	  would	  be	  sensible	  to	  consider	  calibration	  at	  90°	  elevation	  
and	   45°	   horizontal	   abduction.	   Previous	   studies	   have	   only	   investigated	   a	   single,	   neutral	  
calibration	   position,	   thus	   rejecting	   results	   above	   100°	   as	   inaccurate	   (van	   Andel	   et	   al.,	   2009,	  
Karduna	  et	  al.,	  2001).	  Given	  that	  this	  study	  was	  only	  conducted	  in	  one	  plane	  of	  elevation	  this	  is	  a	  
slightly	  speculative	  conclusion.	  However,	  previous	  literature	  has	  compared	  the	  other	  planes	  of	  
motion	  and	  found	  similar	  errors	  to	  the	  scapula	  plane	  abduction	  performed	  here	  (van	  Andel	  et	  
al.,	  2009,	  Karduna	  et	  al.,	  2001).	  A	  full	  range	  of	  motion	  study	  would	  nonetheless	  be	  useful.	  
The	  degree	  of	  accuracy	  required	  for	  clinical	  relevance	  is	  not	  well	  defined.	  The	  range	  of	  abnormal	  
scapular	  movement	  found	  in	  pathologies	   is	  a	  sensible	  starting	  point.	  After	  stroke	  a	  diminished	  
external	   rotation	  of	  16°	  and	  posterior	   tilt	  of	  7°	  compared	  to	  healthy	  subjects	  has	  been	  shown	  
(Meskers	  et	  al.,	  2005).	  For	  impingement	  syndrome,	  on	  the	  other	  hand,	  a	  lower	  posterior	  tilting	  
of	  9.5°	  (Lukasiewicz	  et	  al.,	  1999)	  or	  8°-­‐9°	  (Ludewig	  &	  Cook,	  2000)	  compared	  to	  healthy	  subjects	  
is	  expected.	  It	  has	  also	  been	  claimed	  that	  it	  is	  important	  in	  impingement	  patients	  to	  be	  able	  to	  
measure	   4-­‐6°	   of	   rotation	   in	   all	   three	   planes	   given	   the	   small	   size	   of	   the	   subacromial	   space	  
(Ludewig	  &	  Cook,	  2000).	  Figure	  5.7	  demonstrates	  that	  the	  ST	  satisfies	  these	  criteria	  in	  all	  three	  
rotations	   when	   calibrated	   at	   90°	   of	   humerothoracic	   elevation.	   The	   AM	   can	   also	   be	   seen	   to	  
satisfy	  these	  below	  about	  100°	  of	  humerothoracic	  elevation,	  but	  not	  above	  (Figure	  5.7).	  
Musculoskeletal	   models	   of	   the	   upper	   limb	   predict	   the	  muscle	   and	   joint	   forces	   using	   scapula	  
kinematics	  as	  a	  primary	  input.	  The	  effects	  of	  the	  measurement	  errors	  on	  force	  predictions	  are	  
not	  well	  understood.	  However,	  this	  effect	  is	  important	  because	  it	  gives	  an	  idea	  of	  the	  degree	  of	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accuracy	   required	   from	   these	   measurements.	   This	   then	   allows	   clearer	   assessment	   of	   other	  
clinical	   applications	   that	   rely	   on	   these	  muscle	   forces.	   Assessment	   of	   this	   sensitivity	  may	   be	   a	  
feasible	  study	  in	  this	  thesis.	  
In	  summary,	  it	  has	  been	  shown	  that	  a	  ST	  can	  be	  used	  to	  accurately	  quantify	  scapular	  motion	  in	  
scapular	   plane	   elevation	   during	   dynamic	   movements	   when	   appropriately	   calibrated	   for	   the	  
range	  of	  motion	  being	  measured.	  Given	  the	  similar	   levels	  of	  accuracy	  found	  in	  other	  planes	  of	  
rotation	   (Karduna	  et	  al.,	   2001)	   this	  method	   should	  be	  considered	   suitable	   for	  application	   in	  a	  
dynamic	   overhead	   activity.	   The	   ST	   is	   recommended	   over	   the	   AM	   for	   measuring	   scapula	  
kinematics	  in	  all	  dynamic	  activities	  where	  invasive	  methods	  are	  unsuitable.	  
5.5 Conclusions	  
− The	  Scapula	  Tracker	   (ST)	  and	  Acromial	  Method	   (AM)	  have	  been	  compared	  to	   the	  gold	  
standard	   scapula	   Palpator	   during	   dynamic	   abduction.	   This	   was	   done	   with	   an	   optimal	  
fixation	   position	   of	   the	   skin-­‐fixed	   methods	   on	   the	   acromion.	   A	   range	   of	   calibration	  
positions	  was	  also	  tested.	  
− Significant	   differences	  were	   found	   between	   the	   calibration	   positions	   of	   the	   skin-­‐fixed	  
method	   to	   the	   palpated	   scapula	   landmarks.	   90°	   of	   abduction	   was	   found	   to	   be	   the	  
optimal	   position	   for	   calibration	   in	   scapula	   plane	   abduction,	   and	   it	   is	   theorised	   that	   a	  
calibration	  around	  the	  mid-­‐point	  of	  a	  motion	  is	  likely	  to	  be	  optimal.	  
− The	  RMS	  errors	  in	  this	  study	  were	  found	  to	  be	  in	  good	  agreement	  with	  a	  bone	  pin	  study	  
in	  the	  literature	  for	  both	  methods.	  
− The	  ST	  method	  was	  shown	  to	  be	  significantly	  more	  accurate	   than	   the	  AM	  both	  at	   the	  
standard	  calibration	  position	  and	  at	   the	  optimal	   calibration	  position.	  Posterior	   tilt	   and	  
then	  internal	  rotation	  showed	  the	  most	  significant	  improvements	  with	  the	  ST	  method.	  
− Results	  have	  been	  discussed	  in	  terms	  of	  required	  clinical	  accuracy	  and	  it	  is	  seen	  that	  the	  
ST	  method	  is	  able	  to	  accurately	  track	  the	  scapula	  in	  dynamic	  activities	  with	  appropriate	  







Chapter	  6 	  
Scapula	  kinematics	  of	  pull-­‐ups	  
	   	  
	  
Overhead	   athletic	   activities	   have	   a	   strong	   link	   with	   shoulder	   pathology	   and	   pull-­‐ups	   are	   a	  
commonly	   used	   training	   technique	   applicable	   to	   a	   number	   of	   sports.	   They	   are	   also	   a	   limiting	  
activity	  in	  that	  few	  people	  are	  able	  to	  perform	  them	  due	  to	  the	  high	  muscle	  forces	  required	  over	  
a	   large	  range	  of	  motion.	  Thus,	  these	  activities	  present	  the	  opportunity	  for	  testing	  the	  limits	  of	  
current	  modelling	  methods	  and	  kinematics	  measurement	  techniques.	  However,	  given	  the	   lack	  
of	  kinematics	  literature	  this	  chapter	  will	  present	  a	  kinematics	  data	  set	  suitable	  for	  input	  into	  a	  
musculoskeletal	  model.	  The	  kinematics	  of	   the	   shoulder	   complex	  during	   three	   types	  of	  pull-­‐up	  
exercise	  will	  be	  compared.	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6.1 Introduction	  
Pull-­‐ups	  are	  a	  commonly	  used	  training	   technique	   for	  a	   range	  of	  sports	  and	  activities	   including	  
climbing	   and	   gymnastics.	   A	   link	   between	   scapula	   kinematics	   in	   general	   and	   injury	   has	   been	  
widely	   theorised	   and	   occasionally	   tested	   in	   the	   literature	   (McKenna	   et	   al.,	   2011,	   Ludewig	   &	  
Reynolds,	   2009,	   Hsu	   et	   al.,	   2009,	   McClure,	   Michener	   &	   Karduna,	   2006).	   The	   link	   between	  
climbing	  and	  gymnastics	  and	  shoulder	  injuries,	  particularly	  impingement,	  is	  also	  strong	  (Gerdes,	  
Hafner	  &	  Aldag,	   2006,	   Caine	  &	  Nassar,	   2005,	  Rooks	   et	   al.,	   1995,	  Bollen,	   1990).	   Research	   into	  
glenohumeral	   (GH)	   rotations	   leading	   to	   subacromial	   impingement	   has	   highlighted	   internal	  
rotation	   in	   abduction	   and	   forward	   flexion	   as	   a	   potential	   injury	   risk	   (Hughes,	   Green	  &	   Taylor,	  
2012).	   However,	   there	   is	   no	   quantitative	   discussion	   of	   the	   scapula	   kinematics,	   shoulder	  
kinematics	  in	  general	  or	  differences	  between	  techniques	  in	  the	  literature.	  
Pull-­‐ups	   involve	   the	  movement	  of	   a	   large	   load	  with	   the	   arms	  overhead	   and	  exploring	   a	   large	  
range	  of	  motion.	  This	  activity	  represent	  a	  limit,	  in	  that	  few	  people	  are	  capable	  of	  performing	  it	  
due	  to	  the	   large	  muscle	  forces	  required	  to	  actuate	  the	  joints	  of	  the	  upper	   limb.	  The	  activity	   is	  
therefore	   a	   useful	   tool	   when	   analysing	   modelling	   techniques;	   the	   large	   range	   of	   motion	   is	  
significant	   for	   the	  optimisation	  of	  measured	  kinematics	  and	   in	   the	  muscle	  wrapping	  methods,	  
while	   the	   high	   loads	   are	   challenging	   for	   the	   load-­‐sharing	   optimisation	   and	   the	   joint	  moment	  
equilibriums.	  	  
The	   lack	  of	  quantitative	   literature	   regarding	  pull-­‐ups	  and	  other	   similar	  high	  output	  motions	   is	  
partly	   due	   to	   the	   difficulty	   in	   measuring	   the	   3-­‐D	   kinematics	   of	   the	   scapula	   during	   these	  
activities.	  The	   thick	   layer	  of	   skin	   that	   covers	   the	   scapula	  makes	   these	  measurements	  difficult.	  
Whilst	  roentgenographic	  and	  palpation	  methods	  help	  to	  overcome	  these	  skin	  artefacts,	  they	  are	  
not	   suitable	   for	   dynamic	   activities	   such	   as	   pull-­‐ups	   (Chapter	   2).	   Skin	   fixed	   techniques	   are	  
susceptible	   to	   skin	  movement	  artefacts,	  but	  are	   significantly	  more	  practical	   for	   tracking	   these	  
movements.	  In	  this	  thesis	  the	  Scapula	  Tracker	  (ST)	  has	  already	  been	  introduced.	  In	  addition,	  an	  
appropriate	  methodology	   has	   been	   presented	   and	   validated,	   giving	   reasonable	   errors	   at	   high	  
angles	  of	  humeral	  elevation	  and	  throughout	  the	  range	  of	  motion	  (Chapter	  5).	  
The	   high	   muscle	   forces	   and	   large	   range	   of	   motion	   required	   during	   pull-­‐ups	   also	   provide	   a	  
challenging	  environment	  to	  test	  a	  scapula	  measurement	  technique.	  Interaction	  between	  muscle	  
contraction	  and	  measurement	  accuracy	  has	  been	   suggested	   in	   the	   literature	  and	   seems	   likely	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especially	  given	  the	  high	  forces	   in	  pull-­‐ups	  and	  the	  dynamic	  nature	  of	  the	  activity.	  The	  closed-­‐
chain	  nature	  of	  the	  pull-­‐up	  activity	  suggests	  the	  likelihood	  that	  the	  repeatability	  of	  the	  motion	  
will	  be	  good.	  All	   these	   factors	  make	  pull-­‐ups	  a	  good	  choice	   for	   the	  analysis	  of	  a	  highly	   loaded	  
athletic	   activity	   as	   well	   as	   for	   testing	   hypotheses	   on	   the	   function	   and	   biomechanics	   of	   the	  
scapula.	  
A	   number	   of	   techniques	   are	   used	   which	   come	   under	   the	   general	   description	   of	   ‘pull-­‐ups’	  
(Stewart,	  2011).	  Three	  of	  the	  more	  common	  techniques,	  covering	  the	  full	  range	  of	  motion	  seen	  
in	  pull-­‐ups,	  are	  chosen	  for	  this	  study.	  It	  is	  important	  with	  complex	  motions	  that	  the	  repeatability	  
is	  examined	  for	  an	   individual	  (intra-­‐subject)	  and	  across	  the	  experimental	  group	  (inter-­‐subject).	  
This	  will	  increase	  trust	  in	  observed	  kinematics	  patterns	  as	  well	  as	  ensuring	  that	  averaging	  of	  the	  
data	  is	  valid.	  
A	  greater	  understanding	  of	   the	  shoulder	   joint	   in	  pull-­‐ups,	  or	  any	  other	  activity,	   can	  be	  gained	  
through	   analysis	   of	  muscle	   forces	   and	   joint	   loads	   (Charlton	  &	   Johnson,	   2006,	  Graichen	   et	   al.,	  
2005,	   van	   der	   Helm,	   1994b).	   It	   is	   not	   possible	   to	   measure	   these	   quantities	   and	   thus	  
musculoskeletal	  models	  must	  be	  used.	  It	  is	  the	  aim	  of	  this	  work	  to	  create	  a	  dataset	  suitable	  for	  
analysis	  within	  such	  a	  model.	  
As	  described	  previously	  the	  NSM	  (Charlton	  &	  Johnson,	  2006),	  and	  a	  number	  of	  other	  shoulder	  
models	   (Dickerson,	   Chaffin	   &	   Hughes,	   2007,	   Holzbaur,	   Murray	   &	   Delp,	   2005,	   van	   der	   Helm,	  
1994b,	  Karlsson	  &	  Peterson,	  1992),	  have	  used	  general	  regression	  analysis	  equations	  to	  predict	  
the	   scapula	   rotations	   from	   the	   humeral	   position.	   The	   use	   of	   regression	   methods	   has	   been	  
recommended	   in	   situations	  where	  measurement	   is	  difficult	  or	  not	  possible	   such	  as	   sports	   (de	  
Groot	  &	   Brand,	   2001).	   However,	   there	   have	   been	   no	   comparisons	   in	   a	   highly	   loaded	   activity	  
such	   as	   pull-­‐ups,	   although	   it	   has	   been	   established	   that	   load	   significantly	   affects	   scapula	  
kinematics	  (Chapter	  3).	  A	  comparison	  that	  shows	  an	  inconsistent	  difference	  between	  measured	  
and	   regression	   predicted	   kinematics,	   regardless	   of	   the	   regression	   equations	   used,	   would	  
demonstrate	  that	  these	  methods	  are	  not	  suitable	  for	  high	  output	  tasks.	  The	  kinematics	  inputs	  to	  
musculoskeletal	  models	  are	  very	  important	  in	  determining	  accurate	  muscle	  force	  predictions	  (as	  
discussed	  in	  Chapter	  4).	  
The	   aim	   of	   this	   chapter	   is	   to	   present	   a	   kinematics	   data	   set	   suitable	   for	   input	   into	   a	  
musculoskeletal	  model.	  The	  kinematics	  of	  the	  shoulder	  complex	  during	  three	  different	  types	  of	  
pull-­‐up	  exercise,	  with	  a	  particular	  focus	  on	  the	  role	  of	  the	  scapula,	  will	  be	  compared.	  Intra-­‐	  and	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inter-­‐subject	   repeatability	   of	   the	   motions	   and	   the	   measurement	   methods	   are	   established.	  
Validity	  of	  regression-­‐predicted	  kinematics	  is	  examined.	  Kinematics	  patterns	  are	  then	  compared	  
for	  the	  three	  motions,	  with	  implications	  discussed.	  
6.2 Methods	  
6.2.1 Subjects	  
Eleven	   healthy	  male	   subjects	  with	   no	   history	   of	   shoulder	   pathology	   participated	   in	   the	   study	  
(age	  =	  26.8	  ±	  2.4	  years).	  The	  subjects	  were	  all	  performing	  pull-­‐ups	  on	  a	  regular	  basis	  at	  the	  time	  
of	   the	  experiments.	   The	   local	   ethics	   committee	   granted	  approval	   for	   this	   study	  and	   informed	  
written	  consent	  was	  obtained	  from	  each	  subject.	  
6.2.2 Apparatus	  
Kinematics	  data	  was	   collected	  with	  a	  9	   camera	  optical	  motion	   tracking	   system	   (Vicon	  Motion	  
Systems,	   Oxford,	   UK)	   running	   at	   200Hz	   and	   a	   force	   plate	   (Kistler	   Holding	   AG,	   Winterthur,	  
Switzerland)	   running	   at	   1000Hz.	   The	   layout	   of	   the	   apparatus	   is	   shown	   in	   Figure	   6.1.	   This	  
apparatus	   is	   tested	   in	   Chapter	   10;	   a	   compensation	   factor	   is	   used	   to	   account	   for	   the	  use	  of	   a	  
single	  force	  plate	  (described	  in	  Section	  6.2.5).	  
The	   lightweight	  Scapula	  Tracker	  (ST),	   incorporating	  three	  retro-­‐reflective	  markers	  as	  described	  
in	  Chapter	  5	  was	  used	  to	  measure	  scapula	  kinematics.	  	  
A	  set	  of	  twenty-­‐one	  retro-­‐reflective	  markers	  was	  used	  to	  track	  the	  other	  joint	  angles	  (described	  
in	  Chapter	  5;	  Table	  5.1	  and	  Figure	  5.2),	   including	  those	  described	  in	  the	  ISB	  recommendations	  
(Wu	  et	  al.,	  2005)	  and	  those	  required	  in	  the	  NSM.	  
6.2.3 Calibration	  
Soft	   tissue	   artefacts	   caused	   by	   sliding	   of	   the	   bone	   under	   the	   surface	   of	   the	   skin	   can	   be	  
particularly	   significant	  at	  anatomical	   landmarks	   such	  as	  epicondyles	  and	   those	  on	   the	   scapula	  
(Matsui,	   Shimada	  &	  Andrew,	   2006,	   Leardini	   et	   al.,	   2005,	   Cappozzo	  et	   al.,	   1996).	   The	  use	  of	   a	  
technical	   coordinate	   frame	   has	   thus	   been	   suggested	   as	   a	   method	   to	   track	   these	   landmarks	  
without	  directly	  placing	  markers	  (Cappozzo	  et	  al.,	  1995).	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The	   elbow	   epicondyle	   positions	   were	   defined	   relative	   to	   the	   humerus	   technical	   coordinate	  
frame	  (defined	  based	  on	  the	  three	  humerus	  markers	  in	  Table	  5.1)	  in	  this	  study	  using	  a	  palpation	  
device,	  similar	  to	  those	  used	  in	  other	  high	  output	  studies	  (Roca	  et	  al.,	  2006).	  Subjects	  had	  their	  
arm	  elevated	  at	  90°	  in	  a	  plane	  at	  45°	  to	  the	  coronal	  plane,	  with	  the	  elbow	  flexed	  at	  90°	  and	  the	  
forearm	  vertical	  during	   this	   calibration.	   It	  has	  been	  shown	   that	   significant	   internal	   rotation	  of	  
the	   humerus	   during	   calibration	   leads	   to	   inaccurate	   calibration	   of	   the	   elbow	   epicondyles	  
(Eftaxiopoulou,	  2011).	  
Functional	   joint	  centres	  such	  as	  the	  glenohumeral	   joint	  centre	  cannot	  be	  accessed	   in	  vivo	  and	  
thus	  functional	  tasks	  can	  be	  effectively	  used	  to	  estimate	  the	  position	  of	  the	  joint	  centre	  relative	  
to	   a	   technical	   coordinate	   frame	   (Gamage	   &	   Lasenby,	   2002).	   A	   least	   squares	   sphere-­‐fitting	  
method	  (Gamage	  &	  Lasenby,	  2002)	  is	  used	  here	  without	  bias	  compensation,	  as	  suggested	  in	  the	  
literature	   (Halvorsen,	   2003),	   due	   to	   a	   more	   recent	   study	   finding	   greater	   accuracy	   without	  
(Lempereur	  et	  al.,	  2010).	  
	  
Figure	   6.1:	   Experimental	   set-­‐up	   showing	   pull-­‐up	   frame,	   force	   plate	   and	   subject.	   The	   prescribed	   leg	   position	   is	  
demonstrated.	  
The	  ST	  technical	  coordinate	  frame	  was	  calibrated	  with	  the	  anatomical	  coordinate	  frame	  of	  the	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measured	   directly	   by	   the	   Palpator	   (Chapter	   5).	   Calibration	   was	   performed	   at	   90°	   of	  
humerothoracic	  elevation	  in	  a	  plane	  at	  45°	  to	  the	  coronal	  plane.	  The	  optimal	  calibration	  position	  
for	   the	   ST	   was	   found	   to	   be	   at	   a	   mid-­‐point	   in	   the	   overall	   motion	   (Chapter	   5).	   The	   same	  
digitisation	  was	  used	  for	  all	  trials	  to	  ensure	  that	  the	  associated	  errors	  were	  consistent	  and	  thus	  
the	  trials	  were	  comparable.	  The	  calibration	  was	  performed	  and	  the	  resulting	  coordinate	  frame	  
transformation	  between	  the	  technical	  and	  anatomical	  frames	  was	  applied	  over	  the	  full	  range	  of	  
the	  movement,	  giving	  the	  position	  of	  the	  scapula	  throughout	  without	  the	  need	  for	  the	  Palpator	  
during	  the	  pull-­‐up	  activities.	  At	  the	  position	  of	  calibration	  the	  two	  coordinate	  frames	  coincide	  by	  
definition.	   As	   subjects	  move	   their	   arm	   the	   two	   coordinate	   frames	   diverge	   due	   to	   soft	   tissue	  
deformations.	  
All	  the	  calibration	  trials	  were	  static	  to	  avoid	  the	  errors	  associated	  with	  dynamic	  palpation.	  
6.2.4 Procedure	  
Calibration	  of	  the	  elbow	  epicondyles,	  glenohumeral	   joint	  centre	  and	  scapula	  anatomical	  frame	  
were	  performed	  as	  described	  previously	  (Section	  6.2.3).	  
After	  appropriate	  rehearsal	  three	  types	  of	  pull-­‐up	  were	  performed:	  ‘front’	  pull-­‐ups	  with	  anterior	  
facing	   palms	   and	   hands	   at	   a	   comfortable	   shoulder	   width	   apart,	   ‘wide’	   pull-­‐ups	  with	   anterior	  
facing	  palms	  and	  hands	  on	   the	   lateral	  portion	  of	   the	  bar	  and	   ‘reverse’	  pull-­‐ups	  with	  posterior	  
facing	  palms	  and	  hands	  approximately	  shoulder	  width	  apart	  (Figure	  6.2).	  Positions	  of	  the	  hand	  
were	  not	  defined	  because	  this	  would	  have	  led	  to	  an	  unnatural,	  constrained	  movement.	  
Each	   technique	   was	   repeated	   five	   times	   in	   a	   randomised	   order.	   Subjects	   were	   instructed	   to	  
perform	  a	  maximal	  upward	  movement	  covering	  their	   full	  range	  of	  motion	  and	  keeping	   legs	  to	  
the	  posterior	  and	  at	  90°	  to	  the	  thorax	  (Figure	  6.1).	  The	  downward	  motion	  was	  then	  performed	  
at	   a	   self-­‐selected	   speed,	   this	   single	   pull-­‐up	   constituted	   one	   trial.	   However,	   only	   the	   upward	  
motion	  is	  considered	  here.	  Appropriate	  rest,	  consisting	  of	  a	  thirty	  second	  break,	  was	  enforced	  




	  	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	   	  
Figure	  6.2:	  The	  three	  types	  of	  pull-­‐up	  motions:	  a)	  front	  b)	  wide	  and	  c)	  reverse.	  
6.2.5 Data	  Analysis	  
A	  low-­‐pass	  Butterworth	  filter	  with	  a	  cut-­‐off	  frequency	  of	  4.7Hz	  was	  used	  to	  remove	  noise	  from	  
the	  kinematics	  data.	  This	  level	  of	  filtering	  is	  in-­‐line	  with	  other	  upper	  limb	  kinematics	  studies	  and	  
recommendations	  in	  the	  literature	  (Borstad	  &	  Ludewig,	  2002,	  Cooper	  et	  al.,	  2002,	  Veeger,	  van	  
der	  Woude	  &	  Rozendal,	  1989).	  A	   low-­‐pass	  Butterworth	   filter	  with	  a	  cut-­‐off	   frequency	  of	  10Hz	  
was	  used	  on	  the	  force	  plate	  data,	  in	  accordance	  with	  a	  spectral	  analysis	  of	  the	  force	  plate	  signal	  
(Winter,	  2009).	  The	  force	  values	  were	  then	  halved	  and	  normalized	  to	  the	  subject’s	  body	  weight	  
to	   give	   the	   force	   at	   each	   hand,	   and	   allowing	   comparison	   between	   subjects	   of	   different	   body	  
mass.	   This	   assumption	   of	   load	   symmetry	   was	   tested	   dynamically	   with	   an	   average	   absolute	  
lateral	  force	  at	  the	  force	  plate	  of	  11	  ±	  7N	  for	  the	  front	  motion,	  12	  ±	  8N	  for	  the	  wide	  motion	  and	  
11	  ±	  7N	  for	  the	  reverse	  motion.	  
A	   compensation	   factor	   is	   also	   applied	   to	   the	   vertical	   force	  measured	   at	   the	   force	   plate.	   The	  
vertical	  force	  when	  the	  subject	  is	  standing	  on	  the	  force	  plate	  (with	  the	  frame	  in	  position	  for	  the	  
experiments)	  is	  subtracted	  from	  the	  vertical	  force	  when	  the	  subject	  is	  hanging	  from	  the	  bar.	  This	  
difference	   is	  then	  subtracted	  from	  the	  measurements	  of	  the	  vertical	   force	  throughout.	  By	  this	  
a	   b	   c	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method	  the	  lack	  of	  a	  second	  force	  plate	  is	  compensated	  for	  to	  some	  extent.	  This	  is	  shown	  to	  be	  
a	  reasonable	  assumption	  in	  the	  analysis	  in	  Chapter	  10.	  
The	  coordinate	  frames	  for	  the	  thorax,	  humerus,	  forearm	  and	  scapula	  were	  defined	  according	  to	  
ISB	   recommendations	   (Wu	   et	   al.,	   2005).	   Euler	   rotations	  were	   used	   in	   accordance	  with	   these	  
recommendations,	  except	  for	  the	  glenohumeral	  joint	  where	  the	  sequence	  caused	  gimbal	  lock	  in	  
a	   number	   of	   subjects	   and	   so	   an	   alternative	   sequence	   was	   chosen	   (Table	   6.1).	   It	   is	   not	  
appropriate	   to	   compare	   joint	   rotations	   between	   studies	   that	   use	   different	   Euler	   angle	  
sequences	  (Karduna,	  McClure	  &	  Michener,	  2000).	  No	  direct	  comparison	  is	  performed	  here.	  
	   	   	  
Segments	   Joint	  rotation	   Euler	  angle	  sequence	  
Thorax	  –	  Humerus	   Humerothoracic	   y	  –	  x’	  –	  y’’	  
Thorax	  –	  Scapula	   Scapulothoracic	   y	  –	  x’	  –	  z’’	  
Scapula	  –	  Humerus	   Glenohumeral	   x	  –	  z’	  –	  y’’	  
Humerus	  –	  Forearm	   Elbow	   z	  –	  x’	  –	  y’’	  
Global	  –	  Thorax	   Thorax	   z	  –	  y’	  –	  x’’	  
Table	  6.1:	  Euler	  angle	  sequences	  used	  for	  the	  various	  rotations	  described	  throughout	  this	  chapter.	  All	  are	  expressed	  
in	  the	  ISB	  recommended	  coordinate	  frame	  (Wu	  et	  al.,	  2005).	  
In	   the	  Newcastle	   Shoulder	  Model	   (Charlton	  &	   Johnson,	   2006)	   a	   quadratic	   regression	   analysis	  
based	   on	   scapula	   palpation	   experiments	   (Barnett,	   1996)	   is	   used	   to	   predict	   scapula	   rotations	  
based	  on	  humerothoracic	  plane	  of	  elevation	  (PoE),	  elevation	  and	  axial	  rotation.	  These	  equations	  
are	  used	  here	  to	  predict	  scapulothoracic	  rotations	  (Equation	  6.1).	  Although	  these	  are	  expected	  
to	  be	  incorrect	  due	  to	  the	  high	  load,	  they	  provide	  an	  opportunity	  to	  compare	  the	  consistency	  of	  
the	   differences	   between	   measured	   scapula	   rotations	   and	   those	   predicted	   by	   regression	  
equations.	  
  𝛼 = 24.72 − 0.01 ∙ 𝑎 + 9.74×10!! ∙ 𝑎! − 0.27 ∙ 𝑒 − 6.48×10!! ∙ 𝑒! + 0.002 ∙ 𝑟 − (1.06×10!!) ∙ 𝑟!	  
𝛽 = −6.21 − 0.08 ∙ 𝑎 − 4.40×10!! ∙ 𝑎! + 0.14 ∙ 𝑒 − 2.16×10!! ∙ 𝑒! − 0.13 ∙ 𝑟 + (4.36×10!!) ∙ 𝑟!	  
𝛾 = 12.35 + 0.08 ∙ 𝑎 − 4.64×10!! ∙ 𝑎! + 0.09 ∙ 𝑒 + 6.78×10!! ∙ 𝑒! − 0.22 ∙ 𝑟 + (7.90×10!!) ∙ 𝑟!	  
Equation	  6.1:	  Equations	  used	  to	  predict	  scapula	  upward	  rotation	  (𝛼),	  internal	  rotation	  (𝛽)	  and	  posterior	  tilt	  (𝛾)	  from	  
humerothoracic	  plane	  of	  elevation	  (a),	  elevation	  (e)	  and	  axial	  rotation	  (r).	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To	  determine	   intra-­‐subject	  repeatability	  the	  coefficient	  of	  multiple	  correlations	  (CMC)	  and	  the	  
standard	   deviation	   (SD)	   are	   presented.	   The	   CMC	   has	   been	   used	   extensively	   to	   assess	   the	  
similarity	  between	  waveforms	  in	  gait	  analysis	  (Steinwender	  et	  al.,	  2000,	  Kadaba	  et	  al.,	  1989)	  as	  
well	   as	   shoulder	   kinematics	   (Amasay	   &	   Karduna,	   2009,	   Mackey	   et	   al.,	   2005,	   Thigpen	   et	   al.,	  
2005).	   The	   CMC	   value	   is	   close	   to	   1	   when	   the	   waveforms	   are	   similar	   and	   0	   when	   they	   are	  
dissimilar.	  The	  method	  of	  calculation	  is	  shown	  in	  Equation	  6.2	  (Amasay	  &	  Karduna,	  2009,	  Neter,	  
1996)	  .	  
𝑅! = 1− 𝑌!" − 𝑌! !!!!!!!!! 𝑌!" − 𝑌 !!!!!!!!! 	  
Equation	   6.2:	   Computing	   the	   CMC.	   i	   is	   the	   humeral	   elevation	   angle,	   j	   is	   scapular	   angle,	   T	   is	   the	   number	   of	  
increments	  of	  elevation	  angle,	  N	  is	  the	  number	  of	  trials,	  Yij	  is	  a	  scapular	  angle	  at	  specific	  humeral	  elevation,	  Yi	  is	  the	  
average	   scapular	   angle	   between	   trials	   at	   a	   specific	   humeral	   elevation	   angle,	   and	   Y	   is	   the	   total	   average	   of	   the	  
scapular	  angle	  at	  all	  elevation	  angle	  for	  all	  trials.	  
Inter-­‐subject	   repeatability	   was	   determined	   with	   Pearson’s	   product	   moment	   coefficient	   of	  
correlation	  (Pearson’s	  r).	  The	  reason	  for	  choosing	  Pearson’s	  r	   is	  that	  variables	  are	  centred	  and	  
scaled	  according	  to	  their	  own	  mean	  and	  standard	  deviation,	  thus	  the	  similarity	  in	  the	  waveforms	  
is	   not	   sensitive	   to	   the	   offsets	   in	   the	   rotations	   that	   may	   be	   expected	   with	   different	   subject	  
anatomies.	  
All	  data	  was	  normalised	   to	  a	  percentage	  of	   the	  motion	  with	   respect	   to	   the	   time	  of	   the	   initial	  
force	  input	  and	  the	  time	  of	  the	  maximal	  force	  peak.	  Zero	  percent	  was	  taken	  as	  the	  first	  peak	  in	  
force	   occurring	   at	   approximately	   the	   same	   time	   as	   the	   movement	   is	   initiated,	   100%	   of	   the	  
motion	  was	  then	  taken	  to	  be	  the	  major	  trough	  in	  force	  coinciding	  with	  the	  maximum	  height	  of	  
the	  body	  in	  motion	  (Figure	  6.3).	  Thus	  only	  the	  upward	  motion	  is	  considered	  between	  0-­‐100%.	  A	  
cubic	   spline	   interpolation	   (MATLAB)	   was	   used	   to	   find	   the	   value	   of	   the	   measure	   at	   each	  
percentage	  of	  the	  motion.	  
Other	   normalising	   factors	   were	   considered	   to	   identify	   the	   bottom	   and	   top	   of	   the	   motion.	  
Humerothoracic	  elevation	  was	  found	  to	  be	  an	  inappropriate	  measure	  of	  the	  top	  of	  the	  motion	  
since	  the	  peak	  can	  occur	  before	  the	  subject’s	  body	  reaches	  the	  full	  height	  of	  the	  pull-­‐up	  (this	  is	  
visible	   in	   Figure	   6.3).	   Similarly,	   elbow	   flexion	   angle	   can	   show	   a	   very	   flat	   peak	   making	   clear	  
identification	  of	  the	  top	  difficult.	  The	  height	  of	  a	  thorax	  marker	  was	  a	  relatively	  good	  measure	  of	  
the	  start	  and	  finish	  of	  the	  motion,	  but	  thorax	  tilt	  can	  lead	  to	  some	  distortion	  of	  the	  peaks.	  Thus	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the	  clear	  peaks	  and	  troughs	  in	  force	  at	  the	  hand	  are	  chosen	  to	  identify	  the	  top	  and	  bottom	  of	  
the	  motion.	  
	  
Figure	   6.3:	   Force	   at	   one	   hand	   during	   a	   pull-­‐up	   with	   the	   time	   of	   0%	   and	   100%	   of	   the	  motion	  marked.	   Pictures	  
illustrate	  the	  approximate	  body	  position	  at	  these	  points	  for	  a	  representative	  subject.	  
Significance	   was	   set	   at	   p<0.05	   for	   all	   statistical	   tests	   used	   in	   this	   chapter;	   the	   notations	  
associated	   with	   different	   levels	   of	   significance	   are	   shown	   in	   Table	   6.2.	   A	   two-­‐way	   repeated	  
measures	  ANOVA	  test	  was	  used	  to	  determine	  significant	  differences	  between	  the	  three	  pull-­‐up	  
motions	  (SPSS).	  Type	  of	  motion	  (front,	  wide,	  reverse)	  and	  percentage	  of	  motion	  (0-­‐100%)	  were	  























Where	   there	  was	  a	  significant	   interaction	  between	  the	  motion	  and	  angle	  a	  one-­‐way	  repeated	  
measures	  ANOVA	  test	  was	  used	  to	  determine	  significant	  differences	  between	  the	  three	  pull-­‐up	  
motions	  at	  each	  10%	  interval	  of	  the	  motion;	  motion	  was	  defined	  as	  the	  within-­‐subject	  factor.	  A	  
Bonferoni	  post-­‐hoc	  test	  was	  also	  used	  to	  perform	  pair-­‐wise	  comparisons	  between	  the	  motions	  
in	  both	  cases.	  Mauchly's	  test	  for	  sphericity	  was	  used.	  When	  a	  significant	  violation	  of	  sphericity	  
was	   found	   the	   Greenhouse-­‐Geisser	   correction	   was	   used,	   since	   it	   provides	   a	   conservative	  
prediction	  of	  significance	  (Field,	  2000).	  When	  there	  was	  a	  conflict	  between	  this	  correction	  and	  
the	   Huynh-­‐Feldt	   correction,	   an	   average	  was	   taken	   to	   decide	   if	   the	   null	   hypothesis	   should	   be	  
accepted	  or	  rejected	  (Field,	  2000).	  The	  Shapiro-­‐Wilk	  test	  verified	  that	  the	  quantitative	  variables	  
did	  not	  significantly	  depart	  from	  a	  normal	  distribution.	  
	   	   	   	  
	   p	  value	   Symbol	  used	   	  
	   p	  >	  0.050	   -­‐	   	  
	   p	  <	  0.050	   *	   	  
	   p	  <	  0.010	   **	   	  
	   p	  <	  0.001	   ***	   	  
Table	  6.2:	  Notation	  used	  throughout	  to	  indicate	  level	  of	  significance	  found	  with	  statistical	  tests.	  
A	   two-­‐way	  repeated	  measures	  ANOVA	  test	  was	  also	  used	  to	  determine	  significant	  differences	  
between	   the	   ST	   and	   regression-­‐predicted	   scapula	   kinematics.	   Method	   (measured	   and	  
regression)	   and	   percentage	   of	   motion	   (0-­‐100%)	   were	   the	   within-­‐subject	   factors	   and	  
scapulothoracic	  rotations	  were	  the	  dependant	  variables,	  the	  same	  post-­‐hoc	  tests	  and	  sphericity	  
procedures	  described	  above	  were	  followed.	  
A	  number	  of	  correlation	  coefficients	  have	  been	  presented	  here	  and	  the	  classifications	  of	  Fleiss	  
(less	  than	  0.4	   is	  poor,	  between	  0.4	  and	  0.75	   is	   fair	  to	  good	  and	  greater	  than	  0.75	   is	  excellent)	  
that	  was	   used	   originally	   for	   the	   intra-­‐class	   correlation	   coefficient	   give	   some	   indication	   of	   the	  
perceived	  quality	  of	  correlation	  coefficients	  used	  throughout	  this	  chapter	  (Fleiss,	  1986).	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6.3 Results	  
6.3.1 Intra-­‐subject	  repeatability	  
Coefficient	   of	   multiple	   correlation	   (CMC)	   and	   standard	   deviation	   (SD)	   are	   presented	   for	  
humerothoracic	   rotations,	   scapulothoracic	   rotations,	   thorax	   tilt	   and	   force	   at	   the	   hand	   as	   a	  
measure	  of	   intra-­‐subject	   repeatability.	  Figures	  6.4	   to	  6.7	  show	  the	  high	   level	  of	  measurement	  
repeatability	   with	   CMC	   values	   generally	   between	   0.85	   and	   1;	   outliers	   to	   this	   trend	   are	  
highlighted.	  
6.3.1.a Humerothoracic	  rotations	  
The	  CMC	  values	  for	  humerothoracic	  rotations	  show	  an	  excellent	  correlation	  between	  the	  trials	  
for	  most	  subjects	  and	  motions	   (Figure	  6.4	  and	  Table	  6.3).	  However,	  Subject	  6	  and,	   to	  a	   lesser	  
extend	  Subject	  9,	  show	  a	   less	  good	  correlation	  during	  the	  reverse	  motion	  (Table	  6.3).	  The	  SDs	  
are	   low	   relative	   to	   the	   ranges	   of	   motion	   considered	   (Table	   6.3).	   Again,	   Subject	   6	   shows	  
comparatively	   less	   good	   values,	  with	   subjects	   1	   and	   10	   showing	   notable	   higher	   values	   in	   the	  
plane	  of	  elevation	  of	  the	  wide	  motion.	  
	  
	   	   	   	  
subjects	  
plane	  of	  elevation	   elevation	   axial	  rotation	  
front	   wide	   reverse	   front	   wide	   reverse	   front	   Wide	   reverse	  
1	   0.96	   0.88	   0.89	   0.99	   0.99	   1.00	   0.94	   0.95	   0.80	  
2	   0.98	   0.99	   0.98	   0.99	   0.99	   1.00	   0.97	   0.98	   0.98	  
3	   0.99	   0.99	   0.98	   1.00	   0.99	   0.99	   0.99	   0.97	   0.98	  
4	   0.96	   0.94	   1.00	   0.99	   1.00	   1.00	   0.95	   0.93	   0.99	  
5	   0.98	   0.99	   0.83	   0.99	   1.00	   0.99	   0.98	   0.99	   0.79	  
6	   0.92	   0.86	   0.55	   0.96	   0.95	   0.98	   0.90	   0.90	   0.52	  
7	   0.81	   0.90	   0.95	   1.00	   1.00	   1.00	   0.98	   0.84	   0.97	  
8	   0.97	   0.99	   0.96	   0.92	   0.99	   1.00	   0.99	   0.97	   0.98	  
9	   0.97	   0.94	   0.76	   1.00	   0.99	   1.00	   0.91	   0.95	   0.64	  
10	   0.98	   0.96	   0.96	   0.99	   0.99	   1.00	   0.97	   0.98	   0.96	  
11	   0.99	   0.97	   0.99	   0.99	   1.00	   0.99	   0.98	   0.93	   0.98	  
Table	  6.3:	  Within-­‐subject	  coefficient	  of	  multiple	  correlations	  for	  the	  humerothoracic	  plane	  of	  elevation,	  elevation	  







Figure	   6.4:	   Histograms	   showing	   the	   frequency	   of	   within-­‐subject	   coefficient	   of	   multiple	   correlation	   values	   for	  
humerothoracic	   plane	   of	   elevation	   (PoE),	   elevation	   and	   axial	   rotation	   (axial)	   during	   the	   a)	   front,	   b)	  wide	   and	   c)	  
reverse	  motions.	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subject	  
plane	  of	  elevation	  (°)	   elevation	  (°)	   axial	  rotation	  (°)	  
front	   wide	   reverse	   front	   wide	   reverse	   front	   Wide	   reverse	  
1	   7.4	   8.5	   4.9	   3.9	   4.5	   2.4	   5.9	   2.2	   4.4	  
2	   6.8	   4.2	   5.9	   3.8	   3.5	   2.6	   6.3	   4.2	   4.3	  
3	   4.6	   3.7	   6.6	   3.2	   3.2	   3.1	   3.3	   4.5	   3.9	  
4	   4.2	   6.2	   2.0	   2.9	   1.9	   2.1	   2.9	   4.8	   2.8	  
5	   4.4	   2.7	   8.0	   3.5	   1.3	   4.4	   1.5	   1.9	   4.7	  
6	   7.5	   7.4	   4.2	   8.3	   7.0	   5.0	   5.3	   4.2	   1.5	  
7	   4.7	   5.9	   2.2	   1.5	   2.4	   1.8	   1.8	   2.8	   1.6	  
8	   3.9	   4.3	   6.1	   6.8	   3.6	   0.8	   1.0	   2.2	   2.6	  
9	   3.9	   5.6	   3.9	   1.6	   3.4	   2.7	   3.1	   2.9	   3.6	  
10	   7.0	   8.5	   7.2	   3.6	   3.2	   2.8	   5.5	   2.4	   5.2	  
11	   4.1	   5.3	   3.7	   4.9	   1.8	   3.7	   3.0	   3.5	   3.2	  
Table	   6.4:	   Within-­‐subject	   standard	   deviations	   for	   the	   humerothoracic	   plane	   of	   elevation,	   elevation	   and	   axial	  
rotation	  during	  all	  three	  motions.	  All	  values	  are	  in	  degrees.	  
6.3.1.b Scapulothoracic	  rotations	  
The	  intra-­‐subject	  repeatability	  of	  scapulothoracic	  rotations	  provides	  an	  indication	  of	  the	  quality	  
of	  the	  ST	  measurement	  methodology	  since	  the	  humerothoracic	  movements	  within	  each	  subject	  
have	  been	  shown	  to	  be	  highly	  repeatable	  (Section	  6.3.1.a).	  
The	   CMC	   values	   for	   the	   scapulothoracic	   rotations	   show	   a	   very	   good	   intra-­‐subject	   correlation	  
(Figure	  6.5)	  generally	  above	  0.7	  and	  with	  no	  value	  below	  0.92	  for	  upward	  rotation	  (Table	  6.5).	  In	  
isolated	  instances	  subjects	  1,	  4,	  6,	  8	  and	  10	  show	  relatively	  poor	  correlation	  for	  internal	  rotation	  
and	   posterior	   tilt	   (Figure	   6.5).	   Standard	   deviations	   are	   generally	   low	   but	   there	   are	   two	  






Figure	  6.5:	  Histogram	  showing	  the	  frequency	  of	  within-­‐subject	  CMC	  values	  for	  scapulothoracic	  internal	  and	  upward	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subjects	  
upward	   internal	   posterior	  
front	   wide	   reverse	   front	   wide	   reverse	   front	   wide	   reverse	  
1	   0.98	   0.99	   1.00	   0.87	   0.39	   0.89	   0.93	   0.96	   0.98	  
2	   0.99	   1.00	   0.99	   0.97	   0.96	   0.98	   0.94	   0.84	   0.94	  
3	   0.99	   0.99	   0.99	   0.88	   0.74	   0.64	   0.90	   0.86	   0.95	  
4	   0.98	   0.98	   0.98	   0.93	   0.98	   0.98	   0.52	   0.71	   0.90	  
5	   0.99	   0.98	   0.98	   0.96	   0.89	   0.71	   0.96	   0.95	   0.76	  
6	   0.97	   0.95	   0.95	   0.83	   0.67	   0.47	   0.89	   0.90	   0.68	  
7	   0.98	   0.99	   0.99	   0.94	   0.94	   0.98	   0.84	   0.94	   0.87	  
8	   0.92	   0.97	   1.00	   0.97	   0.87	   0.95	   0.56	   0.60	   0.88	  
9	   0.99	   0.98	   1.00	   0.89	   0.75	   0.84	   0.94	   0.77	   0.81	  
10	   0.97	   0.99	   0.97	   0.90	   0.49	   0.78	   0.96	   0.96	   0.89	  
11	   0.97	   0.98	   0.97	   0.71	   0.77	   0.90	   0.80	   0.88	   0.72	  
Table	  6.5:	  Within-­‐subject	  average	  CMC	  values	  for	  scapulothoracic	  internal	  and	  upward	  rotations	  and	  posterior	  tilt	  
during	  all	  three	  motions.	  
	   	   	   	  
subjects	  
upward	  (°)	   internal	  (°)	   posterior	  (°)	  
front	   wide	   reverse	   front	   wide	   reverse	   front	   wide	   reverse	  
1	   2.19	   1.25	   0.62	   3.21	   5.78	   2.08	   2.20	   1.62	   1.23	  
2	   1.11	   0.79	   1.08	   3.30	   1.80	   2.20	   1.40	   2.22	   1.42	  
3	   1.56	   1.43	   1.25	   1.96	   1.36	   3.62	   1.58	   1.60	   1.08	  
4	   1.69	   1.90	   2.26	   2.40	   1.16	   1.10	   1.42	   1.88	   0.84	  
5	   1.40	   1.70	   2.18	   1.61	   2.30	   2.65	   0.54	   1.37	   1.28	  
6	   3.31	   3.36	   3.47	   1.74	   1.65	   3.49	   1.39	   2.33	   2.80	  
7	   1.68	   0.98	   1.25	   3.27	   1.78	   1.24	   1.56	   1.63	   1.33	  
8	   2.50	   1.66	   0.33	   1.30	   3.88	   2.42	   1.20	   3.36	   1.40	  
9	   0.79	   1.85	   1.09	   1.97	   1.64	   1.28	   0.79	   1.38	   0.55	  
10	   1.91	   0.82	   2.12	   1.83	   2.87	   3.78	   1.06	   0.99	   1.49	  
11	   2.52	   2.26	   2.56	   4.98	   2.65	   2.01	   1.50	   1.56	   1.59	  
Table	  6.6:	  Within-­‐subject	  average	  SD	  for	  scapulothoracic	  internal	  and	  upward	  rotations	  and	  posterior	  tilt	  during	  all	  
three	  motions.	  All	  values	  are	  in	  degrees.	  
6.3.1.c Other	  variables	  
The	  measured	  force	  at	  the	  hand	  is	  shown	  to	  have	  an	  excellent	  intra-­‐subject	  repeatability	  (Figure	  
6.6)	   with	   a	  maximum	   SD	   of	   below	   5%	   body	  weight	   and	   no	   notable	   outliers	   (Table	   6.7).	   This	  
maximum	  occurs	  in	  the	  reverse	  motion.	  The	  thorax	  tilt	  during	  all	  three	  motions	  is	  also	  shown	  to	  
have	  a	  very	  good	  intra-­‐subject	  repeatability	  (Figure	  6.7)	  with	  subject	  11	  showing	  slightly	  higher	  




Figure	  6.6:	  Histogram	  showing	  the	  frequency	  of	  within-­‐subject	  coefficient	  of	  multiple	  correlation	  values	  for	  force	  at	  
one	  hand	  during	  the	  three	  motions.	  	  
	  




CMC	   SD	  (°)	   	  
	   front	   wide	   reverse	   front	   wide	   reverse	   	  
	   1	   0.92	   0.92	   0.72	   3.15	   2.46	   4.47	   	  
	   2	   0.96	   0.93	   0.91	   2.54	   3.72	   4.35	   	  
	   3	   0.97	   0.98	   0.98	   2.11	   1.72	   2.07	   	  
	   4	   0.93	   0.95	   0.94	   3.28	   4.22	   3.10	   	  
	   5	   0.96	   0.97	   0.94	   2.16	   1.66	   2.49	   	  
	   6	   0.88	   0.90	   0.83	   1.61	   1.40	   1.63	   	  
	   7	   0.98	   0.96	   0.98	   1.12	   1.65	   1.38	   	  
	   8	   0.92	   0.95	   0.98	   3.24	   1.70	   1.15	   	  
	   9	   0.98	   0.98	   0.94	   2.45	   1.75	   4.23	   	  
	   10	   0.95	   0.96	   0.92	   2.36	   1.90	   2.24	   	  
	   11	   0.89	   0.92	   0.74	   2.75	   2.49	   4.16	   	  
Table	  6.7:	  Within-­‐subject	  CMC	  values	  and	  average	  SD	  (in	  %BW)	  for	  force	  at	  one	  hand	  during	  all	  three	  motions.	  	  
	  
Figure	  6.7:	  Histogram	  showing	  the	  frequency	  of	  within-­‐subject	  coefficient	  of	  multiple	  correlation	  values	  for	  thorax	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CMC	   SD	  (°)	   	  
	   Front	   wide	   reverse	   front	   wide	   reverse	   	  
	   1	   0.87	   0.98	   0.92	   3.18	   1.57	   3.75	   	  
	   2	   0.95	   0.96	   0.85	   2.66	   2.67	   4.98	   	  
	   3	   0.91	   0.93	   0.98	   3.93	   3.36	   1.26	   	  
	   4	   0.86	   0.75	   0.89	   2.71	   4.21	   2.47	   	  
	   5	   0.87	   0.97	   0.98	   4.91	   2.87	   2.43	   	  
	   6	   0.87	   0.71	   0.93	   2.72	   3.71	   2.16	   	  
	   7	   0.88	   0.93	   0.98	   3.53	   3.16	   1.75	   	  
	   8	   0.84	   0.97	   0.99	   4.65	   2.64	   1.59	   	  
	   9	   0.98	   0.94	   0.82	   0.99	   1.66	   2.84	   	  
	   10	   0.84	   0.87	   0.89	   2.56	   3.41	   1.68	   	  
	   11	   0.90	   0.95	   0.87	   6.36	   3.08	   6.27	   	  
Table	  6.8:	  Within-­‐subject	  CMC	  values	  and	  average	  SD	  for	  Thorax	  tilt	  during	  all	  three	  motions.	  
6.3.2 Inter-­‐subject	  repeatability	  
The	  waveform	  similarity,	  measured	  with	  Pearson’s	  r,	  is	  presented	  as	  a	  measure	  of	  inter-­‐subject	  
repeatability.	  This	  measure	  indicates	  the	  similarity	  in	  the	  pattern	  of	  motion	  without	  taking	  into	  
account	  offsets	  in	  the	  joint	  rotations	  between	  subjects.	  
6.3.2.a Humerothoracic	  rotations	  
Waveform	   similarities	   are	   excellent	   for	   the	   humerothoracic	   plane	   of	   elevation	   and	   elevation,	  
(Figures	   6.8	   -­‐	   6.13).	   Waveform	   similarity	   in	   humerothoracic	   axial	   rotation	   during	   the	   wide	  
motion	   is	   also	   excellent	   (Figure	   6.10).	   However,	   the	   results	   for	   humerothoracic	   axial	   rotation	  







Figure	  6.8:	  Mean	  humerothoracic	  rotations	  for	  each	  subject	  during	  the	  front	  motion.	  The	  average	  Pearson’s	  r,	  (±SD)	  
between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  the	  null	  










































































Percentage	  of	  mo~on	  
ravg	  =	  0.966	  ±	  0.028	  	  (*	  100%)	  
ravg	  =	  0.983	  ±	  0.017	  	  (*	  100%)	  
ravg	  =	  0.763	  ±	  0.315	  	  (*	  85%)	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Figure	   6.9:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  
































Figure	   6.10:	  Mean	   humerothoracic	   rotations	   for	   each	   subject	   during	   the	  wide	  motion.	   The	   average	   Pearson’s	   r,	  
(±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  









































































Percentage	  of	  mo~on	  
ravg	  =	  0.956	  ±	  0.035	  	  (*	  100%)	  
ravg	  =	  0.989	  ±	  0.010	  	  (*	  100%)	  
ravg	  =	  0.940	  ±	  0.056	  	  (*	  100%)	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Figure	   6.11:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  































Figure	  6.12:	  Mean	  humerothoracic	  rotations	  for	  each	  subject	  during	  the	  reverse	  motion.	  The	  average	  Pearson’s	  r,	  
(±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  










































































Percentage	  of	  mo~on	  
ravg	  =	  0.924	  ±	  0.072	  	  (*	  100%)	  
ravg	  =	  0.990	  ±	  0.010	  	  (*	  100%)	  
ravg	  =	  0.635	  ±	  0.364	  	  (*	  91%)	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Figure	   6.13:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  
humerothoracic	  rotations	  during	  the	  reverse	  motion.	  	  
6.3.2.b Scapulothoracic	  rotations	  
Waveform	  similarities	  are	  excellent	  for	  the	  scapulothoracic	  upward	  rotation	  with	  no	  average	  r-­‐
value	   below	   0.97	   (Figure	   6.14,	   6.16	   and	   6.18).	   The	   waveform	   similarity	   between	   the	  
scapulothoracic	   internal	   rotations	   of	   the	   subjects	   is	   good	   for	   the	   front	   and	   reverse	   motions	  
(Figure	  6.15	  and	  6.19)	  but	  poor	   in	   the	  wide	  motion	   (Figure	  6.17).	  Posterior	   tilt	  of	   the	   scapula	  
shows	  fair	  to	  good	  similarity	  (Figure	  6.15,	  6.17	  and	  6.19)	  with	  three	  subjects	  appearing	  to	  have	  a	  































Figure	   6.14:	  Mean	   scapulothoracic	   rotations	   for	   each	   subject	   during	   the	   front	  motion.	   The	   average	   Pearson’s	   r,	  
(±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  













































































Percentage	  of	  mo~on	  
ravg	  =	  0.980	  ±	  0.018	  	  (*	  100%)	  
ravg	  =	  0.840	  ±	  0.130	  	  (*	  100%)	  
ravg	  =	  0.622	  ±	  0.282	  	  (*	  85%)
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Figure	   6.15:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  



























Figure	   6.16:	  Mean	   scapulothoracic	   rotations	   for	   each	   subject	   during	   the	  wide	  motion.	   The	   average	   Pearson’s	   r,	  
(±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  
















































































Percentage	  of	  mo~on	  
ravg	  =	  0.974	  ±	  0.028	  	  (*	  100%)	  
ravg	  =	  0.378	  ±	  0.437	  	  (*	  82%)	  
ravg	  =	  0.664	  ±	  0.231	  	  (*	  96%)	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Figure	   6.17:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  





























Figure	  6.18:	  Mean	  scapulothoracic	  rotations	  for	  each	  subject	  during	  the	  reverse	  motion.	  The	  average	  Pearson’s	  r,	  
(±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  that	  reject	  















































































Percentage	  of	  mo~on	  
ravg	  =	  0.948	  ±	  0.056	  	  (*	  100%)	  
ravg	  =	  0.780	  ±	  0.160	  	  (*	  100%)	  
ravg	  =	  0.545	  ±	  0.316	  	  (*	  89%)	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Figure	   6.19:	   Histogram	   showing	   the	   frequency	   of	   between-­‐subject	   coefficient	   of	   Pearson’s	   r-­‐values	   for	   the	  
scapulothoracic	  rotations	  during	  the	  reverse	  motion.	  
6.3.2.c Other	  variables	  
CMC	   values	   are	   used	   to	   compare	   the	   force	   profiles	   of	   the	   11	   subjects	   because	   the	   force	   is	  
normalised	   to	   body	   weight	   (BW)	   and	   thus	   offsets	   in	   the	   data	   should	   be	   accounted	   for.	   A	  
reasonably	  good	  inter-­‐subject	  repeatability	  is	  observed	  with	  all	  CMC	  values	  around	  0.65	  (Figure	  
6.20).	  However,	  there	  are	  three	  subjects	  that	  have	  a	  quite	  different	  pattern	  of	  force	  application	  
–	   particularly	   in	   the	   wide	   motion	   where	   there	   appear	   to	   be	   four	   such	   cases	   (Figure	   6.20).	  
Waveform	   similarity	   for	   thorax	   tilt	   is	   then	   compared	  with	   Pearson’s	   r	   showing	   a	   fair	   to	   good	  
agreement	   in	   all	   three	  motions	   (Figure	   6.21).	   However,	   there	   are	   again	   a	   number	   of	   distinct	  
subjects	  (Figure	  6.22).	  
The	  anterior/posterior	  component	  of	  the	  force	  is	  small	  relative	  to	  the	  vertical	  and	  is	  not	  shown	  




























Figure	  6.20:	  Mean	  force	  at	  the	  hand	  for	  each	  subject	  during	  the	  a)	  front,	  b)	  wide	  and	  c)	  reverse	  motions.	  The	  CMC	  






















































Percentage	  of	  mo~on	  
CMC	  =	  0.663	  
CMC	  =	  0.646	  
CMC	  =	  0.637	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Figure	   6.21:	  Mean	   thorax	   tilt	   for	   each	   subject	   during	   the	   a)	   front,	   b)	  wide	   and	   c)	   reverse	  motions.	   The	   average	  
Pearson’s	  r,	  (±SD)	  between	  subjects	  is	  shown.	  *	  Indicates	  the	  percentage	  of	  correlations	  between	  individual	  curves	  

















Percentage	  of	  mo~on	  



































Percentage	  of	  mo~on	  
ravg	  =	  0.601	  ±	  0.420	  	  (*	  93%)	  




Figure	  6.22:	  Histogram	  showing	  the	  frequency	  of	  between-­‐subject	  coefficient	  of	  Pearson’s	  r-­‐values	  for	  the	  force	  at	  
the	  hand	  during	  the	  front,	  wide	  and	  reverse	  motions.	  	  
6.3.3 Error	  of	  regression	  method	  relative	  to	  scapula	  tracker	  
The	   differences	   in	   measured	   scapulothoracic	   angles,	   using	   the	   ST,	   and	   regression-­‐predicted	  
scapulothoracic	   angles,	   from	   measurements	   of	   humerothoracic	   rotations,	   are	   presented	   for	  
each	   motion	   (Tables	   6.11	   –	   6.13).	   The	   regression-­‐predicted	   angle	   is	   subtracted	   from	   the	  
measured	  angle	  to	  give	  the	  error.	  A	  two-­‐way	  repeated	  measures	  ANOVA	  is	  then	  used	  to	  test	  the	  
differences	  between	  these	  two	  methods	  of	  obtaining	  scapulothoracic	  kinematics.	  The	  average	  
CMC	   values	   between	   regression	   and	   measured	   kinematics	   clearly	   demonstrate	   the	   different	  
pattern	  of	   the	  error	  between	   the	   two	   techniques	   (Table	  6.9).	   The	  magnitudes	  of	   the	  average	  
errors	  are	  large	  in	  upward	  and	  internal/external	  rotation	  of	  the	  scapula,	  but	  relatively	  small	   in	  
posterior	  tilt	  (Table	  6.10).	  However,	  the	  variability	  of	  these	  errors	  is	  large	  relative	  to	  the	  average	  
error	  in	  all	  cases	  (Table	  6.10).	  
	   	   	   	   	   	   	   	  
	   	   Motion	   Upward	  rotation	   Internal	  rotation	   Posterior	  tilt	   	   	  
	   	   Front	   0.331	   0.251	   0.198	   	   	  
	   	   Wide	   0.380	   0.032	   0.161	   	   	  
	   	   Reverse	   0.283	   0.321	   0.076	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   Motion	   Upward	  rotation	   Internal	  rotation	   Posterior	  tilt	   	   	  
	   	   Front	   -­‐14.8	  ±	  9.5°	   11.2	  ±	  10.4°	   -­‐2.2	  ±	  6.0°	   	   	  
	   	   Wide	   -­‐10.1	  ±	  9.1°	   13.9	  ±	  11.2°	   -­‐2.4	  ±	  7.9°	   	   	  
	   	   Reverse	   -­‐16.0	  ±	  9.4°	   11.0	  ±	  9.9°	   -­‐2.7	  ±	  6.2°	   	   	  
Table	   6.10:	   Mean	   errors	   and	   standard	   deviations	   between	   measured	   and	   regression	   predicted	   scapulothoracic	  
rotations.	  	  
6.3.3.a Upward	  rotation	  
The	   regression-­‐predicted	   upward	   rotations	   of	   the	   scapula	   all	   overestimate	   the	   measured	  
rotations	   for	   each	   of	   the	   three	   motions	   (Table	   6.10	   and	   ‘difference’	   in	   Table	   6.11).	   These	  
differences	  are	  shown	  to	  be	  statistically	  significant	  (p	  <	  0.01)	  for	  all	  three	  motions,	  particularly	  
through	  the	  first	  70%	  of	  the	  pull-­‐up	  motion	  (Table	  6.11).	  
	   	   	   	  
	  
Front	   Wide	   Reverse	  
method	   ***	   **	   ***	  
percentage	   ***	   ***	   ***	  
method*percentage	   ***	   ***	   ***	  
Percentage	  of	  motion	   difference	   significance	   difference	   significance	   difference	   significance	  
10%	  (method)	   -­‐19.8°	   ***	   -­‐17.1°	   ***	   -­‐20.2°	   ***	  
20%	   -­‐19.9°	   ***	   -­‐16.3°	   ***	   -­‐21.2°	   ***	  
30%	   -­‐19.9°	   ***	   -­‐15.2°	   ***	   -­‐20.5°	   ***	  
40%	   -­‐19.1°	   ***	   -­‐14.2°	   ***	   -­‐19.4°	   ***	  
50%	   -­‐18.4°	   ***	   -­‐13.0°	   **	   -­‐18.5°	   ***	  
60%	   -­‐17.3°	   ***	   -­‐11.3°	   **	   -­‐17.8°	   ***	  
70%	   -­‐14.9°	   ***	   -­‐9.0°	   **	   -­‐16.7°	   ***	  
80%	   -­‐10.2°	   **	   -­‐5.0°	   -­‐	   -­‐13.5°	   ***	  
90%	   -­‐4.8°	   -­‐	   0.1°	   -­‐	   -­‐8.0°	   *	  
100%	   -­‐1.4°	   -­‐	   3.6°	   -­‐	   -­‐2.8°	   -­‐	  
Table	  6.11:	  Differences	  between	  measured	  and	  regression	  predicted	  scapulothoracic	  upward	  rotation	  for	  the	  front,	  
wide	   and	   reverse	   motions	   and	   their	   significance	   level.	   Two-­‐way	   repeated	   measures	   ANOVA	   used	   and	   one-­‐way	  
repeated	   measures	   ANOVA	   where	   a	   significant	   interaction	   (method*percentage)	   was	   observed	   between	   the	  
method	  (i.e.	  regression	  or	  measured)	  and	  the	  percentage	  of	  motion.	  *	  p	  <	  0.05	  	  **	  p	  <	  0.01	  	  ***	  p	  <	  0.001.	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6.3.3.b Internal	  rotation	  
The	  regression-­‐predicted	  scapulothoracic	  internal	  rotations	  largely	  underestimate	  the	  measured	  
rotations	   (Table	   6.10	   and	   ‘difference’	   in	   Table	   6.12).	   Significant	   differences	   between	   the	   two	  
methods	  are	  again	  found	  for	  all	  three	  motions	  (Table	  6.12).	  
	   	   	   	  
	  
Front	   Wide	   Reverse	  
method	   **	   **	   **	  
percentage	   ***	   ***	   ***	  
method*percentage	   **	   -­‐	   ***	  
Percentage	  of	  motion	   difference	   significance	   difference	   significance	   difference	   significance	  
10%	  (method)	   20.7	   **	   17.7	  
N/A	  
20.4	   ***	  
20%	   17.2	   **	   14.9	   17.3	   **	  
30%	   14.8	   **	   13.1	   15.2	   **	  
40%	   13.0	   **	   12.5	   13.3	   **	  
50%	   10.6	   **	   12.5	   10.6	   **	  
60%	   8.3	   *	   12.9	   7.6	   **	  
70%	   6.8	   *	   13.2	   5.7	   *	  
80%	   5.6	   *	   13.2	   5.0	   *	  
90%	   4.8	   -­‐	   13.0	   4.5	   *	  
100%	   3.9	   -­‐	   12.8	   4.2	   *	  
Table	  6.12:	  Differences	  between	  measured	  and	  regression	  predicted	  scapulothoracic	  internal	  rotation	  for	  the	  front,	  
wide	   and	   reverse	   motions	   and	   their	   significance	   level.	   Two-­‐way	   repeated	   measures	   ANOVA	   used	   and	   one-­‐way	  
repeated	   measures	   ANOVA	   where	   a	   significant	   interaction	   (method*percentage)	   was	   observed	   between	   the	  
method	  (i.e.	  regression	  or	  measured)	  and	  the	  percentage	  of	  motion.	  *	  p	  <	  0.05	  	  **	  p	  <	  0.01	  	  ***	  p	  <	  0.001.	  
6.3.3.c Posterior	  tilt	  
The	   posterior	   tilt	   of	   the	   scapula	   relative	   to	   the	   thorax	   shows	   a	   less	   clear	   trend	   of	  
underestimation	  as	  compared	  to	   the	  other	   two	  rotations	   (Table	  6.10	  and	   ‘difference’	   in	  Table	  
6.13).	  However,	  the	  differences	  between	  the	  measured	  and	  regression-­‐predicted	  rotations	  are	  
small	   (Table	  6.10	  and	   ‘difference’	   in	   Table	  6.13)	   and	   there	   is	   little	   significance	   found	   in	   these	  
differences,	  although	  some	  are	  seen	  at	  the	  top	  of	  the	  motion	  (Table	  6.13).	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Front	   Wide	   Reverse	  
method	   -­‐	   -­‐	   -­‐	  
percentage	   ***	   ***	   ***	  
method*percentage	   **	   ***	   -­‐	  
Percentage	  of	  motion	   difference	   significance	   difference	   significance	   difference	   significance	  
10%	  (method)	   -­‐5.9	   -­‐	   -­‐3.4	   -­‐	   -­‐5.4	  
N/A	  
20%	   -­‐3.2	   -­‐	   -­‐1.9	   -­‐	   -­‐4.1	  
30%	   -­‐2.1	   -­‐	   -­‐1.0	   -­‐	   -­‐3.3	  
40%	   -­‐1.1	   -­‐	   -­‐0.2	   -­‐	   -­‐2.4	  
50%	   0.0	   -­‐	   0.6	   -­‐	   -­‐2.0	  
60%	   1.0	   -­‐	   1.2	   -­‐	   -­‐1.9	  
70%	   1.8	   -­‐	   0.9	   -­‐	   -­‐1.4	  
80%	   0.5	   -­‐	   -­‐2.1	   -­‐	   -­‐0.4	  
90%	   -­‐2.9	   -­‐	   -­‐6.8	   *	   -­‐1.0	  
100%	   -­‐6.2	   **	   -­‐10.0	   **	   -­‐3.1	  
Table	   6.13:	   Differences	   between	  measured	   and	   regression	   predicted	   scapulothoracic	   posterior	   tilt	   for	   the	   front,	  
wide	   and	   reverse	   motions	   and	   their	   significance	   level.	   Two-­‐way	   repeated	   measures	   ANOVA	   used	   and	   one-­‐way	  
repeated	   measures	   ANOVA	   where	   a	   significant	   interaction	   (method*percentage)	   was	   observed	   between	   the	  
method	  (i.e.	  regression	  or	  measured)	  and	  the	  percentage	  of	  motion.	  *	  p	  <	  0.05	  	  **	  p	  <	  0.01	  	  ***	  p	  <	  0.001.	  
6.3.4 Comparison	  of	  motions	  
The	   average	   rotations	   across	   the	   eleven	   subjects	   are	   presented	   with	   significant	   differences	  
between	  the	  motions	  shown	  (based	  on	  the	  notation	  introduced	  in	  Table	  6.2).	  
6.3.4.a 	  Humerothoracic	  rotations	  
The	   plane	   of	   elevation	   is	   significantly	   different	   between	   the	   three	   motions	   (Figure	   6.23	   and	  
Table	   6.14).	   There	   is	   also	   significant	   difference	   between	   the	   reverse	   motion	   in	   both	   the	  






Figure	   6.23:	   Mean	   humerothoracic	   plane	   of	   elevation,	   elevation	   and	   axial	   rotation	   during	   the	   front,	   wide	   and	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a)	   overall	   Front	  –	  Wide	   Front	  –	  Reverse	   Wide	  –	  Reverse	  
overall	   0.000	   ***	  
	  
0.000	   ***	  
	  
0.000	   ***	  
	  
0.000	   ***	  
interaction	   0.009	   **	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.000	   ***	   33.2	   0.000	   ***	   -­‐16.8	   0.000	   ***	   -­‐49.9	   0.000	   ***	  
20%	   0.000	   ***	   30.5	   0.000	   ***	   -­‐14.2	   0.001	   **	   -­‐44.7	   0.000	   ***	  
30%	   0.000	   ***	   30.5	   0.000	   ***	   -­‐13.5	   0.001	   **	   -­‐44.1	   0.000	   ***	  
40%	   0.000	   ***	   32.9	   0.000	   ***	   -­‐14.3	   0.000	   ***	   -­‐47.2	   0.000	   ***	  
50%	   0.000	   ***	   36.3	   0.000	   ***	   -­‐15.5	   0.000	   ***	   -­‐51.8	   0.000	   ***	  
60%	   0.000	   ***	   39.3	   0.000	   ***	   -­‐17.7	   0.000	   ***	   -­‐56.9	   0.000	   ***	  
70%	   0.000	   ***	   38.9	   0.000	   ***	   -­‐23.3	   0.000	   ***	   -­‐62.2	   0.000	   ***	  
80%	   0.000	   ***	   32.7	   0.001	   **	   -­‐32.6	   0.001	   **	   -­‐65.3	   0.000	   ***	  
90%	   0.000	   ***	   25.2	   0.015	   *	   -­‐35.6	   0.001	   **	   -­‐60.8	   0.000	   ***	  
100%	   0.000	   ***	   19.4	   0.086	  
	  
-­‐36.0	   0.014	   *	   -­‐55.4	   0.001	   **	  
	  b)	  
	   	   	   	  
overall	   0.026	   *	  
	  
1.000	   -­‐	  
	  
0.246	   -­‐	  
	  
0.005	   **	  
interaction	   0.006	   **	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.004	   **	   -­‐6.1	   0.074	   	   -­‐8.5	   0.029	   *	   -­‐2.4	   0.657	   	  
20%	   0.043	   *	   -­‐3.8	   0.468	   	   -­‐6.9	   0.165	   	   -­‐3.1	   0.343	   	  
30%	   0.132	   -­‐	   -­‐1.5	   1.000	   	   -­‐5.9	   0.386	   	   -­‐4.5	   0.132	   	  
40%	   0.113	   -­‐	   1.2	   1.000	   	   -­‐5.2	   0.595	   	   -­‐6.3	   0.038	   *	  
50%	   0.078	   -­‐	   3.5	   0.573	   	   -­‐4.4	   0.876	   	   -­‐7.9	   0.019	   *	  
60%	   0.073	   -­‐	   5.1	   0.231	   	   -­‐3.3	   1.000	   	   -­‐8.4	   0.023	   *	  
70%	   0.030	   *	   6.0	   0.140	   	   -­‐3.0	   1.000	   	   -­‐9.0	   0.015	   *	  
80%	   0.009	   **	   5.4	   0.136	   	   -­‐5.3	   0.464	   	   -­‐10.6	   0.001	   **	  
90%	   0.001	   **	   3.4	   0.372	   	   -­‐8.2	   0.041	   *	   -­‐11.6	   0.000	   ***	  
100%	   0.000	   ***	   1.7	   1.000	   	   -­‐8.3	   0.006	   **	   -­‐9.9	   0.000	   ***	  
	  c)	  
	   	   	   	  
overall	   0.000	   ***	  
	  
0.727	   -­‐	  
	  
0.000	   ***	  
	  
0.001	   **	  
interaction	   0.089	   -­‐	  
	   	   	   	   	   	  
Table	  6.14:	  Significance	  (p	  value)	  of	  differences	  between	  humerothoracic	  a)	  plane	  of	  elevation,	  b)	  elevation	  and	  c)	  
axial	   rotation	   for	   the	   front,	   wide	   and	   reverse	   motions	   and	   average	   differences.	   Two-­‐way	   repeated	   measures	  
ANOVA	  and	  one-­‐way	  repeated	  measures	  ANOVA	  used	  where	  a	  significant	   interaction	  was	  observed.	  Percentages	  
given	  are	  upper	  bound.	  
6.3.4.b Scapulothoracic	  rotations	  
Some	  significant	  differences	  are	  observed	  between	   the	   three	  motions	   for	   the	   scapulothoracic	  
rotations	  (Figure	  6.24	  &	  Table	  6.15).	  However,	  there	  is	  noticeably	  less	  significance	  than	  with	  the	  
humerothoracic	   rotations,	   although	   internal	   rotation	   demonstrates	   some	   clear	   differences	   in	  






Figure	  6.24:	  Mean	  scapulothoracic	  upward	  (up)	  and	  internal	  (int)	  rotations	  and	  posterior	  tilt	  during	  the	  front,	  wide	  
and	  reverse	  motions.	  Significant	  differences	  between	  the	  three	  motions	  are	  shown.	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a)	   overall	   Front	  –	  Wide	   Front	  –	  Reverse	   Wide	  –	  Reverse	  
overall	   0.020	   *	  
	  
0.577	   -­‐	  
	  
0.087	   -­‐	  
	  
0.214	   -­‐	  
interaction	   0.043	   *	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.011	   *	   -­‐1.61	   0.046	   *	   -­‐2.84	   0.040	   *	   -­‐1.23	   0.760	  
	  
20%	   0.046	   *	   -­‐1.97	   0.021	   *	   -­‐1.69	   0.287	  
	  
0.28	   1.000	  
	  
30%	   0.067	   -­‐	   -­‐1.98	   0.060	   	   -­‐2.20	   0.314	  
	  
-­‐0.22	   1.000	  
	  
40%	   0.085	   -­‐	   -­‐1.05	   0.503	   	   -­‐2.53	   0.268	  
	  
-­‐1.48	   0.660	  
	  
50%	   0.060	   -­‐	   -­‐0.13	   1.000	   	   -­‐2.55	   0.247	  
	  
-­‐2.42	   0.112	  
	  
60%	   0.093	   -­‐	   0.46	   1.000	   	   -­‐2.31	   0.359	  
	  
-­‐2.78	   0.148	  
	  
70%	   0.119	   -­‐	   0.52	   1.000	   	   -­‐2.37	   0.423	  
	  
-­‐2.89	   0.212	  
	  
80%	   0.075	   -­‐	   -­‐0.05	   1.000	   	   -­‐3.12	   0.261	  
	  
-­‐3.07	   0.213	  
	  
90%	   0.029	   *	   -­‐1.05	   1.000	   	   -­‐4.41	   0.111	  
	  
-­‐3.35	   0.191	  
	  
100%	   0.002	   **	   -­‐2.09	   0.332	   	   -­‐6.10	   0.013	   *	   -­‐4.01	   0.084	  
	  
b)	   	   	   	   	  
overall	   0.096	   -­‐	  
	  
0.820	   -­‐	  
	  
0.776	   -­‐	  
	  
0.158	   -­‐	  
interaction	   0.001	   ***	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.005	   **	   7.66	   0.000	   ***	   -­‐0.06	   1.000	   	   -­‐7.72	   0.012	   **	  
20%	   0.001	   **	   6.29	   0.000	   ***	   -­‐0.21	   1.000	   	   -­‐6.50	   0.020	   *	  
30%	   0.004	   **	   5.08	   0.009	   **	   -­‐0.46	   1.000	   	   -­‐5.54	   0.043	   *	  
40%	   0.015	   *	   4.00	   0.047	   *	   -­‐1.02	   1.000	   	   -­‐5.03	   0.060	   	  
50%	   0.116	   -­‐	   2.49	   0.565	   	   -­‐1.52	   1.000	   	   -­‐4.02	   0.186	   	  
60%	   0.367	   -­‐	   1.04	   1.000	   	   -­‐1.83	   0.991	   	   -­‐2.87	   0.587	   	  
70%	   0.513	   -­‐	   0.09	   1.000	   	   -­‐2.07	   0.826	   	   -­‐2.16	   1.000	   	  
80%	   0.314	   -­‐	   -­‐1.01	   1.000	   	   -­‐3.20	   0.345	   	   -­‐2.18	   1.000	   	  
90%	   0.164	   -­‐	   -­‐2.52	   0.694	   	   -­‐4.30	   0.158	   	   -­‐1.78	   1.000	   	  
100%	   0.043	   *	   -­‐4.19	   0.162	   	   -­‐5.27	   0.050	   	   -­‐1.09	   1.000	   	  
c)	   	   	   	   	  
overall	   0.705	   -­‐	  
	  
1.000	   -­‐	  
	  
0.782	   -­‐	  
	  
1.000	   -­‐	  
interaction	   0.060	   -­‐	   	   	   	   	   	   	  
Table	   6.15:	   Significance	   level	   of	   differences	   between	   scapulothoracic	   a)	   upward,	   b)	   internal	   and	   c)	   posterior	   tilt	  
during	   the	   front,	  wide	   and	   reverse	  motions	   and	   averaged	   differences.	   Two-­‐way	   repeated	  measures	  ANOVA	   and	  
one-­‐way	   repeated	   measures	   ANOVA	   used	   where	   a	   significant	   interaction	   was	   observed.	   Percentages	   given	   are	  
upper	  bound.	  
6.3.4.c Glenohumeral	  rotations	  
Three	   glenohumeral	   rotations	   are	   presented	   (Figure	   6.25)	   with	   a	   number	   of	   significant	  





Figure	   6.25:	  Mean	   glenohumeral	   elevation,	   internal	   rotation	   and	   plane	   of	   elevation	   during	   the	   front,	   wide	   and	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a)	   overall	   Front	  –	  Wide	   Front	  –	  Reverse	   Wide	  –	  Reverse	  
overall	   0.694	   -­‐	  
	  
1.000	   -­‐	  
	  
1.000	   -­‐	  
	  
1.000	   -­‐	  
interaction	   0.000	   ***	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.038	   *	   -­‐7.95	   0.040	   *	   -­‐1.21	   1.000	   	   6.74	   0.116	   	  
20%	   0.323	   -­‐	   -­‐4.84	   0.362	   	   -­‐1.71	   1.000	   	   3.13	   0.923	   	  
30%	   0.699	   -­‐	   -­‐0.58	   1.000	   	   -­‐2.39	   1.000	   	   -­‐1.82	   1.000	   	  
40%	   0.092	   -­‐	   3.33	   0.677	   	   -­‐3.90	   0.972	   	   -­‐7.23	   0.105	   	  
50%	   0.016	   *	   5.60	   0.242	   	   -­‐4.78	   0.686	   	   -­‐10.38	   0.021	   *	  
60%	   0.023	   *	   5.48	   0.329	   	   -­‐4.42	   0.689	   	   -­‐9.90	   0.041	   *	  
70%	   0.180	   -­‐	   2.82	   1.000	   	   -­‐3.73	   0.676	   	   -­‐6.55	   0.230	   	  
80%	   0.752	   -­‐	   -­‐1.45	   1.000	   	   -­‐2.25	   1.000	   	   -­‐0.80	   1.000	   	  
90%	   0.140	   -­‐	   -­‐4.89	   0.476	   	   0.08	   1.000	   	   4.97	   0.309	   	  
100%	   0.013	   *	   -­‐6.07	   0.183	   	   2.82	   0.092	   	   8.89	   0.016	   *	  
b)	  
	   	   	   	  
overall	   0.000	   ***	  
	  
0.000	   ***	  
	  
1.000	   -­‐	  
	  
0.000	   ***	  
interaction	   0.000	   ***	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.000	   ***	   -­‐4.59	   0.144	   	   22.74	   0.000	   ***	   27.33	   0.000	   ***	  
20%	   0.000	   ***	   -­‐1.63	   1.000	   	   16.39	   0.000	   ***	   18.02	   0.000	   ***	  
30%	   0.000	   ***	   2.10	   0.522	   	   9.29	   0.004	   **	   7.20	   0.005	   **	  
40%	   0.006	   **	   6.90	   0.001	   **	   3.35	   0.530	   	   -­‐3.56	   0.246	  
	  
50%	   0.000	   ***	   12.95	   0.000	   ***	   -­‐0.64	   1.000	   	   -­‐13.59	   0.000	   ***	  
60%	   0.000	   ***	   19.14	   0.000	   ***	   -­‐3.90	   0.210	   	   -­‐23.04	   0.000	   ***	  
70%	   0.000	   ***	   24.39	   0.000	   ***	   -­‐6.89	   0.011	   *	   -­‐31.28	   0.000	   ***	  
80%	   0.000	   ***	   29.07	   0.000	   ***	   -­‐9.50	   0.004	   **	   -­‐38.57	   0.000	   ***	  
90%	   0.000	   ***	   32.68	   0.000	   ***	   -­‐11.69	   0.002	   **	   -­‐44.37	   0.000	   ***	  
100%	   0.000	   ***	   35.13	   0.000	   ***	   -­‐12.47	   0.002	   **	   -­‐47.59	   0.000	   ***	  
c)	  
	   	   	   	  
overall	   0.000	   ***	  
	  
0.000	   ***	  
	  
0.000	   ***	  
	  
0.000	   ***	  
interaction	   0.000	   ***	   diff	   p	  value	   diff	   p	  value	   diff	   p	  value	  
10%	   0.000	   ***	   20.51	   0.000	   ***	   -­‐15.34	   0.003	   **	   -­‐35.84	   0.000	   ***	  
20%	   0.000	   ***	   22.57	   0.000	   ***	   -­‐14.62	   0.003	   **	   -­‐37.19	   0.000	   ***	  
30%	   0.000	   ***	   25.40	   0.000	   ***	   -­‐14.03	   0.001	   **	   -­‐39.43	   0.000	   ***	  
40%	   0.000	   ***	   27.56	   0.000	   ***	   -­‐13.50	   0.000	   ***	   -­‐41.06	   0.000	   ***	  
50%	   0.000	   ***	   29.05	   0.000	   ***	   -­‐12.83	   0.000	   ***	   -­‐41.88	   0.000	   ***	  
60%	   0.000	   ***	   28.56	   0.000	   ***	   -­‐13.07	   0.000	   ***	   -­‐41.63	   0.000	   ***	  
70%	   0.000	   ***	   25.00	   0.000	   ***	   -­‐14.34	   0.001	   **	   -­‐39.34	   0.000	   ***	  
80%	   0.000	   ***	   18.66	   0.000	   ***	   -­‐14.97	   0.001	   **	   -­‐33.64	   0.000	   ***	  
90%	   0.000	   ***	   11.83	   0.001	   **	   -­‐14.88	   0.001	   **	   -­‐26.71	   0.000	   ***	  
100%	   0.000	   ***	   7.57	   0.018	   *	   -­‐14.04	   0.001	   **	   -­‐21.61	   0.000	   ***	  
Table	   6.16:	   Significance	   level	   of	   differences	   between	   glenohumeral	   a)	   upward,	   b)	   internal	   and	   c)	   posterior	   tilt	  
during	   the	   front,	  wide	   and	   reverse	  motions	   and	   averaged	   differences.	   Two-­‐way	   repeated	  measures	  ANOVA	   and	  





Upper-­‐limb	   kinematics	   and	   external	   forces	   during	   three	   pull-­‐up	   activities	   are	   presented.	   A	  
relatively	  low	  cut-­‐off	  frequency	  was	  used	  to	  filter	  the	  data	  and	  help	  reduce	  some	  low	  frequency	  
noise	  in	  the	  ST	  at	  the	  beginning	  of	  some	  trials;	  possibly	  caused	  by	  a	  wobble	  of	  the	  ST	  during	  the	  
acceleration	  phase	  of	   the	  motion.	   This	   filtering	  had	  a	  minimal	   effect	  on	  other	   joint	   rotations.	  
The	   low	   frequency	   noise	   may	   result,	   in	   part,	   from	   the	   moment	   produced	   by	   the	   cluster	   of	  
markers	  attached	  to	  the	  ST	  (Chapter	  5).	  The	  design	  has	  now	  seen	  some	  improvements	  whereby	  
the	   markers	   are	   positioned	   on	   or	   near	   the	   base	   of	   the	   ST.	   Initial	   experiments	   with	   this	   are	  
promising;	  showing	  less	   low	  frequency	  wobble.	  However,	  further	  testing	  would	  be	  required	  to	  
quantify	  this.	  
In	   this	  study	  different	  cut-­‐off	   frequencies	  were	  used	   for	  kinematics	  and	   force	  plate	  measures.	  
However,	   it	   has	   been	   suggested	   in	   some	   sources	   that	   when	   processing	   data	   for	   inverse	  
dynamics	   analysis,	   as	   is	   the	   case	  here,	   cut-­‐off	   frequencies	   should	  be	   the	   same	   for	   kinematics	  
and	   force	  measurements	   (Kristianslund,	   Krosshaug	   &	   van	   den	   Bogert,	   2012,	   Bisseling	   &	   Hof,	  
2006).	  This	  recommendation	  is	  based	  on	  impacts	  in	  the	  lower	  limb	  and	  the	  error	  introduced	  is	  
caused	   by	   the	   ‘leftover’	   high	   frequency	   forces	   that	   are	   no	   longer	   counteracted	   by	   equal	   and	  
opposite	  joint	  accelerations	  (because	  they	  have	  been	  filtered	  out).	  Some	  simple	  comparisons	  on	  
the	   data	   collected	   in	   this	   study	   revealed	   that	   for	   the	   relatively	   long	   time	   period	   of	   the	   force	  
peaks	  there	  was	  a	  negligible	  effect	   in	  using	  a	  higher	  cut-­‐off	  frequency	  for	  the	  force	  plate	  data	  
(Figure	  6.26	  b),	  but	  important	  sub	  peaks	  were	  removed	  with	  a	  lower	  cut-­‐off	  frequency	  (Figure	  
6.26	  a).	  
A	   setting	   of	   the	   scapula	   under	   load	   and	   in	   a	   rest	   position	   has	   been	   noted	   in	   the	   literature	  
(Pascoal	  et	  al.,	  2000,	  Mottram,	  1997).	  This	  may	  occur	  in	  the	  hanging	  phase	  of	  the	  pull-­‐ups,	  thus	  
potentially	   causing	   a	   significant	   movement	   of	   the	   scapula	   at	   the	   beginning	   of	   the	   pull-­‐ups	  
transitioning	  from	  a	  set	  position	  to	  the	  dynamic	  movement.	  Given	  that	  the	  start	  of	  the	  motion	  
(0%)	   is	   taken	   as	   the	   initial	   peak	   in	   the	   hand	   force	   this	   is	   unlikely	   to	   be	   captured	   in	   the	   data	  
presented	   here.	   However,	   this	   dynamic	   process	  may	   contribute	   to	   the	  wobble	   seen	   in	   some	  
subjects.	  An	  analysis	  of	  this	  phenomenon	  in	  pull-­‐ups	  would	  be	  interesting,	  particularly	  in	  terms	  
of	  the	  relative	  muscle	  forces	  required	  to	  maintain	  the	  set	  position.	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Figure	   6.26:	   a)	   Effect	   of	   cut-­‐off	   frequency	   on	   Butterworth	   filter	   applied	   to	   vertical	   force	   at	   the	   hand	   and	   the	  
transferred	  effect	  on	  the	  inter-­‐segmental	  moment	  at	  the	  x-­‐axis	  of	  the	  GH	  joint.	  
6.4.1 Intra-­‐subject	  repeatability	  
Coefficients	  of	  multiple	   correlation	   (CMC)	  and	   standard	  deviations	   (SD)	  across	   three	   trials	   are	  
presented	   for	   each	   subject	   in	   the	   three	  motions	   tested.	   The	   CMC	   is	   a	  measure	   of	  waveform	  
similarity	   between	   two	   or	  more	   curves	  with	   a	   range	   of	   zero	   (no	   relationship)	   to	   one	   (purely	  
linear	   relationship).	   These	   represent	   a	   measure	   of	   the	   intra-­‐subject	   repeatability	   for	   each	  
individual	  subject.	  Since	  this	  measure	  is	  not	  inherently	  intuitive	  some	  examples	  of	  subject	  data	  
across	  different	  trials	  with	  their	  associated	  CMC	  value	  are	  presented	  below.	  Figure	  6.27	  shows	  
that	  a	  high	  CMC	  value	  (close	  to	  1)	  indicates	  a	  highly	  linear	  relationship	  between	  motions	  while	  a	  
lower	  value	  (closer	  to	  0)	  demonstrates	  a	  less	  clear	  relationship.	  It	  is	  also	  worth	  noting	  that	  for	  a	  
movement	  that	  covers	  a	  small	  range	  of	  motion	  the	  CMC	  value	  is	  sensitive	  to	  slight	  differences	  



















































Figure	  6.27:	  Examples	  of	  data	  from	  three	  trials	  with	  one	  subject	  and	  associated	  CMC	  values.	  
6.4.1.a Humerothoracic	  rotations	  
The	  CMC	  values	  for	  the	  intra-­‐subject	  variation	  of	  humerothoracic	  rotations	  are	  very	  good	  with	  
all	  values	  above	  0.78,	  except	  for	  two	  trials	  (Table	  6.3).	  A	  comparison	  to	   intra-­‐subject	  standard	  
deviations	   in	   a	   palpation	   study	   of	   simple	   planar	   motions	   (Meskers	   et	   al.,	   1998);	   Table	   6.17)	  
reveals	   that	   the	   intra-­‐subject	   SDs	   for	   this	   study	   (Table	   6.4)	   are	   comparable	   and	   thus	   the	  
variation	  can	  be	  assumed	  to	  be	  small.	  The	  SDs	  are	  in	  line	  with	  this	  previous	  study	  for	  all	  subjects	  
in	  both	  plane	  of	  elevation	  and	  axial	  rotation.	  Note	  that	  elevations	  cannot	  be	  compared	  since	  the	  
data	   was	   normalised	   with	   respect	   to	   this	   parameter	   (Meskers	   et	   al.,	   1998).	   Equivalent	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   Forward	  Flexion	   Abduction	  
Rotation	   	   Offset	  (°)	   Inter-­‐trial	  (°)	  
Inter-­‐subject	  
(°)	  
Offset(°)	   Inter-­‐trial	  (°)	  
Inter-­‐subject	  
(°)	  
	   	   	   	   	   	   	  
Sy	   1.04	   2.46	   3.21	   1.52	   2.26	   7.86	  
Sx’	   0.57	   2.53	   3.93	   0.53	   2.37	   6.05	  
Sz’’	   0.73	   1.96	   2.73	   0.73	   1.93	   8.02	  
	   	   	   	   	   	   	  
Hy	   1.94	   7.77	   8.16	   2.41	   4.74	   12.70	  
Hy’’	   5.05	   7.37	   7.68	   5.07	   4.93	   19.60	  
Table	  6.17:	  Offset,	   inter-­‐trial	  and	   inter-­‐subject	  variability	   from	  a	  study	   in	   the	   literature	   (Meskers	  et	  al.,	  1998)	   for	  
simple	  motions	  using	  a	  Palpator	  (SD	  in	  degrees).	  Data	  was	  normalised	  to	  humerothoracic	  elevation.	  Offset	  refers	  to	  
the	  initial	  offset	  from	  a	  virtual	  position	  where	  the	  coordinate	  frames	  are	  aligned	  (van	  der	  Helm	  &	  Pronk,	  1995).	  
The	   movements	   are	   shown	   to	   be	   repeatable	   within	   subjects	   and	   averaging	   these	   trials	   is	  
therefore	  reasonable	  for	  each	  subject’s	  trials.	  
6.4.1.b Scapulothoracic	  rotations	  
The	   intra-­‐subject	   repeatability	   of	   the	   scapulothoracic	   rotations	   is	   presented	   as	   a	  measure	   of	  
motion	   similarity	   and	   method	   quality.	   The	   repeatability	   in	   upward	   rotation	   is	   consistently	  
excellent	   (Figure	  6.5)	   and	   the	   results	   for	   internal	   rotation	  and	  posterior	   tilt	   are	  also	  generally	  
good	  but	  more	  sporadic.	  This	  may	  be	  due	  to	  the	  reduced	  accuracy	  of	  the	  ST	  in	  these	  rotations	  as	  
compared	  to	  the	  upward	  rotation	  (Chapter	  4).	  
The	  worst	  levels	  of	  repeatability	  in	  the	  HT	  angles	  can	  be	  seen	  to	  clearly	  correlate	  with	  those	  in	  
the	  ST	  angles	   (Tables	  6.3	   -­‐	  6.6).	  This	   is	  unsurprising	  given	   the	   strong	   relationship	  between	  HT	  
and	  ST	   rotations	   (Ludewig	  et	  al.,	  2009).	  However,	  without	  correlation	  subjects	  1	  and	  10	  show	  
particularly	   poor	   intra-­‐subject	   repeatability	   in	   the	   internal/external	   rotation	   of	   the	   scapula	  
during	  the	  wide	  motion.	  This	  may	  be	  caused	  by	  contact	  between	  the	  ST	  and	  deltoid	  in	  a	  motion	  
that	  requires	  the	  humerus	  to	  be	  in	  a	  more	  coronal	  plane.	  
A	  comparison	  with	  past	  literature	  reveals	  similar	  SDs	  between	  the	  results	  with	  the	  ST	  here	  and	  a	  
previous	  palpation	  method	  for	  all	   three	  rotations	   (Tables	  6.6	  and	  6.17).	  These	  results	   indicate	  
that	  the	  ST	  represents	  a	  repeatable	  measurement	  method	  for	  pull-­‐ups,	  although	  some	  caution	  
should	  be	  used	  when	  analysing	  posterior	  tilt.	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6.4.1.c Force	  and	  thorax	  tilt	  
The	  CMC	  and	  SD	  values	  indicate	  a	  good	  repeatability	  for	  the	  force	  produced	  at	  the	  hand	  for	  all	  
subjects	   and	  motions	  with	  a	  maximum	  SD	  of	   less	   than	  5%	  body	  weight	   (Figure	  6.6	  and	  Table	  
6.7).	  It	  is	  important	  to	  ensure	  repeatability	  of	  external	  force	  given	  the	  influence	  it	  has	  on	  scapula	  
kinematics	  and	  motion	  patterns	  already	  discussed	   in	  Section	  3.4.2.	   It	   is	  worth	  noting	   that	   the	  
reverse	  pull-­‐up	  seems	  to	  be	  the	  least	  consistent	  across	  all	  intra-­‐subject	  measures.	  This	  activity	  is	  
considered	  a	  faster	  and	  more	  explosive	  movement	  and	  thus	  could	  lead	  to	  increased	  variability.	  
Sensitivity	  to	  hand	  position	  may	  also	  be	  a	  factor.	  
The	   CMC	   and	   SD	   values	   indicate	   a	   good	   repeatability	   for	   the	   thorax	   tilt	   for	   all	   subjects	   and	  
motions,	  with	  the	  lowest	  CMC	  value	  at	  0.71	  (Figure	  6.7	  &	  Table	  6.8).	  This	  value	  occurs	  in	  subject	  
6.	   The	   intra-­‐subject	   repeatability	   for	   this	   subject	   is	   generally	   less	   good	   across	   the	  measured	  
parameters.	  A	  link	  has	  been	  shown	  between	  subjects’	  posture	  and	  scapula	  kinematics	  (Finley	  &	  
Lee,	  2003,	  Kebaetse,	  McClure	  &	  Pratt,	  1999).	  A	  change	  in	  the	  pattern	  of	  the	  thorax	  tilt	  may	  thus	  
act	  to	  influence	  the	  scapula	  kinematics,	  since	  a	  subject	  with	  a	  horizontally	  orientated	  thorax	  will	  
have	  a	  very	  different	  posture	  to	  one	  with	  their	  thorax	  vertical.	  It	  is	  unclear	  what	  effect	  this	  will	  
have	  but	  more	   thorax	  posterior	   tilt	  might	  be	  expected	   to	   increase	  anterior	   tilt	   of	   the	   scapula	  
through	  the	  contact	  at	  the	  inferior	  angle	  of	  the	  scapula.	  
The	  repeatability	  of	  the	  measured	  forces	  (Table	  6.7)	  seems	  to	  be	  higher	  than	  the	  repeatability	  of	  
the	  kinematics	   (Table	  6.3	  and	  Figure	  6.5).	  This	  may	   imply	   that	   the	   task	   is	   force-­‐driven	   i.e.	   the	  
human	   system	   is	   trying	   to	   create	   a	   particular	   force	   rather	   than	   a	   kinematic	   pattern.	   The	  
implication	   being	   that	   training	   goals	   and	   outcomes	   should	   perhaps	   focus	   on	   teaching	   a	  
consistent	  force	  pattern.	  A	  novel	  training	  methodology	  could	  recreate	  the	  same	  force	  pattern	  at	  
some	  reduced	  percentage	  of	  the	  required	  force	  with	  a	  fixed	  pelvis,	  such	  as	  in	  a	  lateral	  pull-­‐down	  
machine,	   to	   achieve	   this.	   The	   converse	   could	   also	   be	   postulated	   since	   if	   the	   force	   is	   being	  
applied	   in	   a	  more	   consistent	  way	   then	  different	   kinematics	  patterns	  may	   result	   in	  potentially	  
injurious	   poses	   where	   a	   different	   kinematics	   strategy	   would	   prevent	   this.	   Musculoskeletal	  
modelling	   will	   allow	   an	   analysis	   of	   how	   small	   changes	   in	   kinematics	   can	   affect	   the	   stresses	  
required	  in	  the	  muscles.	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6.4.2 Inter-­‐subject	  repeatability	  
The	  average	  rotations	  for	  each	  subject	  are	  presented	  with	  an	  average	  Pearson’s	  r-­‐value	  for	  the	  
three	  motions	  performed	  in	  this	  study.	  The	  advantages	  of	  this	  correlation	  factor	  over	  the	  CMC	  
and	   intra-­‐class	   correlation	   coefficient	   (ICC)	   were	   stated	   in	   Section	   6.2.5.	   Again	   this	   is	   a	   non-­‐
intuitive	  measure	  and	  so	  sample	  correlation	  values	  are	  presented	  (Figure	  6.28).	  The	  Pearson’s	  
correlation	  coefficient	  indicates	  a	  linear	  relationship	  between	  two	  sets	  of	  data	  points.	  This	  will	  
therefore	  not	  detect	  gradient	  changes	  or	  non-­‐linear	  relationships.	  
	  
Figure	  6.28:	  Sample	  values	  of	  Pearson’s	  r.	  a)	  r=	  1,	  b)	  r=	  -­‐1,	  c)	  r=	  0,	  d)	  r=	  0.81	  e)	  r=	  -­‐0.21,	  f)	  r=	  0.04	  (De	  Sá,	  2003).	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6.4.2.a Humerothoracic	  rotations	  
Some	  of	   the	  variation	   seen	   in	   the	  data	   (Figures	  6.8	  –	  6.13)	  may	  be	  caused	  by	  an	   inconsistent	  
positioning	   of	   the	   hands	   relative	   to	   the	  width	   of	   the	   shoulders.	   The	  higher	   correlation	   in	   the	  
wide	  motion	  (Figures	  6.10	  and	  6.11),	  where	  the	  handles	  on	  the	  pull-­‐up	  frame	  determined	  to	  a	  
large	  extend	   the	  hand	  positions	   (Figure	  6.1),	   seems	   to	  add	  weight	   to	   this	   argument.	   It	   seems	  
that	   this	   position	   is	   consistent	   within	   each	   subject	   (Section	   6.4.1a)	   and	   it	   was	   believed	   that	  
enforcing	  a	  fixed	  hand	  position	  between	  subjects	  would	  lead	  to	  unnatural,	  awkward	  or	  high-­‐risk	  
movements.	  
Although	   large	  offsets	   can	  be	   seen	  between	   some	   subjects,	   a	   general	   pattern	   appears	   to	   the	  
motions	  (Figure	  6.8,	  6.10	  and	  6.12).	  Differences	  in	  epicondyle	  positions	  resulting	  from	  variation	  
in	   subject	   anatomy	   (Zoner	   et	   al.,	   2010)	   as	   well	   as	   palpation	   errors	   (de	   Groot,	   1997),	   will	  
additionally	   contribute	   to	   the	   offset	   in	   the	   humerothoracic	   rotations.	   Soft	   tissue	   artefacts,	  
particularly	  in	  axial	  rotation	  of	  the	  humerus	  (Cutti	  et	  al.,	  2005),	  also	  increase	  variability.	  Clearly	  
some	  variation	  will	  also	  occur	  through	  a	  difference	  in	  the	  motion	  performed.	  
Table	   6.17	   (Meskers	   et	   al.,	   1998)	   shows	   that	   large	   variations	   (SD	   up	   to	   20°)	   exist	   in	   the	  
humerothoracic	   plane	   of	   elevation	   and	   axial	   rotation	   during	   simpler	   and	   more	   controllable	  
motions	  than	  performed	  in	  this	  study.	  These	  results	  are	  comparable	  to	  the	  same	  values	  found	  in	  
this	  study	   (Table	  6.18),	  although	  the	  higher	  speed	  of	  motion,	  greater	  range	  of	  movement	  and	  
higher	   loading	  combine	  to	  give	  slightly	  higher	  values.	  This	   reassures	  that	   the	  variations	   in	   this	  
study	  are	  in	  line	  with	  accepted	  measurement	  methods.	  
	   	   	   	   	   	  
	   Rotation	   Front	   Wide	   Reverse	   	  
	   	   	   	   	   	  
	   Sy	  	  	  	  	  (internal	  rotation)	   11.64	   10.21	   8.60	   	  
	   Sx’	  	  	  	  (upward	  rotation)	   7.25	   6.92	   8.11	   	  
	   Sz’’	  	  	  (posterior	  tilt)	   6.94	   7.77	   6.76	   	  
	   	   	   	   	   	  
	   Hy	  	  	  	  	  (plane	  of	  elevation)	   21.67	   18.24	   20.50	   	  
	   Hz’	  	  	  	  (elevation)	   9.95	   6.40	   7.27	   	  
	   Hy’’	  	  	  (axial	  rotation)	   17.05	   15.17	   17.85	   	  
Table	  6.18:	  Inter-­‐subject	  variability	  (SD	  in	  degrees)	  for	  three	  types	  of	  pull-­‐up	  motion.	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6.4.2.b Scapulothoracic	  rotations	  
A	  clear	  trend	  in	  the	  scapulothoracic	  rotations	  for	  the	  three	  motions	  is	  apparent	  in	  most	  cases,	  as	  
demonstrated	  by	  very	  good	  Pearson’s	   r-­‐values	  and	  the	  observed	  trend	  across	  subjects	   (Figure	  
6.14	  -­‐	  Figure	  6.19).	  However,	  the	  posterior	  tilt	  during	  the	  reverse	  motion	  and,	  more	  significantly,	  
the	   internal	   rotation	  during	   the	  wide	  motion	   show	   relatively	  poor	   correlations	   (Figure	  6.16	  &	  
Figure	  6.18).	  In	  these	  cases	  there	  is	  some	  indication	  that	  two	  groups	  may	  exist	  within	  the	  data.	  
One	  group	  appears	  to	  use	  more	  anterior	  tilt	  in	  combination	  with	  increased	  internal	  rotation	  of	  
the	  scapula.	  This	  pattern	  seems	  reasonable	  since	  more	  internal	  rotation	  would	  bring	  the	  scapula	  
around	   on	   the	   ellipsoidal	   thorax,	   thus	   tipping	   it	   forward.	   It	   is	   worth	   noting	   that	   increased	  
anterior	   tilt,	   increased	   internal	   rotation	   and	   decreased	   upward	   rotation	   of	   the	   scapula	   are	  
observed	   in	   impingement	   subjects	   (Ludewig	   &	   Cook,	   2000).	   Although	   it	   is	   not	   clear	   if	   these	  
changes	   are	   caused	   by,	   or	   the	   result	   of,	   impingement	   it	  may	   be	   that	   subjects	   exerting	   these	  
kinematics	  are	  susceptible	   to	   impingement	   injuries.	  A	  different	  muscle	  activation	  pattern	  may	  
contribute	  to	  the	  kinematics	  seen	  in	  these	  subjects	  with	  the	  posterior	  deltoid,	  infraspinatus	  and	  
supraspinatus	  potentially	  important.	  Analysis	  with	  a	  musculoskeletal	  model	  would	  therefore	  be	  
of	  interest	  in	  these	  subjects	  particularly.	  
The	  level	  of	  force	  at	  the	  hand	  may	  also	  contribute	  to	  pull	  the	  scapula	  around	  by	  means	  of	  these	  
muscular	  and	  ligamentous	  attachments.	  Figure	  6.29	  shows	  that	  for	  the	  front	  motion	  there	  is	  a	  
relationship	  between	  the	  rotations	  of	  the	  scapula	  and	  the	  level	  of	  this	  force	  –	  with	  more	  force	  
leading	  to	  more	  internal	  and	  upward	  rotation.	  This	  relationship	  is	  present	  in	  all	  the	  motions	  to	  
some	  degree	  (Table	  6.19),	  and	  has	  been	  observed	  in	  the	  literature	  for	  simple	  motions	  (Pascoal	  
et	  al.,	  2000,	  McQuade	  &	  Smidt,	  1998).	  Simple	  motions	  also	  seem	  to	  give	  a	  significantly	  smaller	  
range	  of	  internal/external	  rotation:	  about	  10°	  (Ludewig	  et	  al.,	  2009)	  compared	  to	  about	  20°	  here	  
for	  the	  front	  motion	  (Figure	  6.24).	  However,	  since	  higher	  forces	  tend	  to	  occur	  at	  the	  beginning	  
of	  the	  pull-­‐up	  motion	  (Figure	  6.20)	  where	  the	  internal	  rotation	  and	  upward	  rotation	  are	  largest	  






Figure	  6.29:	  Relationship	  between	  scapulothoracic	  rotations	  and	  vertical	  force	  measured	  at	  a	  force	  plate	  during	  the	  
front	   motion.	   Points	   are	   displayed	   at	   intervals	   of	   10%	   of	   the	   motion	   for	   11	   subjects.	   The	   Pearson’s	   r-­‐value	   is	  
displayed.	  
Something	  that	  has	  been	  noted	  in	  the	  literature	  (Pascoal	  et	  al.,	  2000,	  McQuade	  &	  Smidt,	  1998),	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determining	  the	  subsequent	  scapula	  rotations.	  This	  implies	  that	  the	  motion	  does	  not	  simply	  fall	  
into	  a	  groove	  of	   some	   ideal	   rhythm,	  but	   rather	   follows	   the	  best	  pattern	   from	  where	   it	   starts.	  
This	   seems	   particularly	   sensible	   in	   highly-­‐loaded	   activities	  where	   it	  may	   not	   be	   possible,	   and	  
would	   certainly	   be	   physiologically	   costly,	   to	   ‘correct’	   the	   scapula’s	   position	   to	   a	   preferential	  
pattern	  of	  rotation.	  The	  influence	  of	  starting	  position	  may	  thus	  help	  explain	  the	  significant	  inter-­‐
subject	   variations,	   while	   the	   patterns	   of	   motion	   are	   in	   some	   agreement.	   The	   role	   of	   muscle	  
function	  may	  be	  key	  in	  this,	  and	  it	  could	  be	  that	  body	  tries	  to	  repeat	  muscle	  patterns	  rather	  than	  
kinematics	   patterns,	  which	  would	   then	   be	   driven	   by	   that	  muscle	   pattern	   in	   different	   starting	  
positions.	   Future	   work	   could	   determine	   if	   the	   pattern	   of	   rotations	   or	   muscle	   forces	   is	  
maintained	   even	   with	   different	   starting	   positions	   (i.e.	   the	   curve	   is	   translated	   to	   the	   starting	  
position)	  or	  if	  there	  is	  a	  tendency	  toward	  some	  ‘natural’	  pattern.	  This	  could	  be	  highly	  applicable	  
to	  clinical	  and	  rehabilitation	  work	  where	  modifying	  scapula	  patterns	  of	  movement	  is	  important	  
(Hsu	  et	  al.,	  2009,	  McClure,	  Michener	  &	  Karduna,	  2006,	  Tsai,	  McClure	  &	  Karduna,	  2003,	  Wang	  et	  
al.,	  1999).	  
	   	   	   	   	   	  
	   	   Front	   Wide	   Reverse	   	  
	   Upward	  rotation	   -­‐0.623	   -­‐0.650	   -­‐0.654	   	  
	   Internal	  rotation	   0.658	   0.460	   0.508	   	  
	   Posterior	  tilt	   0.047	   0.010	   0.120	   	  
Table	  6.19:	  Pearson’s	   r-­‐values	   for	   relationship	  between	  vertical	   force	  measured	  at	   a	   force	  plate	  and	  each	  of	   the	  
three	  rotations	  of	  the	  scapula	  relative	  to	  the	  thorax	  during	  three	  types	  of	  pull-­‐up	  motion.	  
The	   force	   patterns	   for	   these	   particular	   subjects	   do	   seem	   to	   differ	   noticeably	   (Figure	   6.20).	  
Although	  the	  sample	  size	  is	  not	  sufficient	  to	  determine	  if	  these	  groups	  are	  significantly	  different,	  
further	  work	   could	   relate	   these	   differences	   to	  muscle	   recruitment	   patterns	  which	   have	   been	  
shown	   to	   be	   important	   in	   determining	   kinematics	   in	   cadaveric	   experiments	   (Kedgley	   et	   al.,	  
2007);	  particularly	  at	  the	  glenohumeral	  joint.	  
When	  inter-­‐subject	  standard	  deviations	  (Table	  6.18)	  are	  compared	  to	  values	  from	  the	  literature	  
(Table	   6.17)	   they	   are	   seen	   to	   be	   similar	   although	   marginally	   higher.	   This	   increase	   could	   be	  
caused	  by	  the	  higher	  speed	  of	  motion,	  greater	  range	  of	  movement,	  higher	  loading	  and	  utilising	  a	  
dynamic	  scapula	  tracking	  device	  rather	  than	  a	  palpation	  device.	  General	  agreement	  exists	  in	  the	  
inter-­‐subject	   patterns	   of	   the	  waveforms	   and	   thus	   general	   trends	   can	   be	   discussed.	   However,	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caution	   will	   be	   taken	   for	   the	   rotations	   highlighted	   and,	   as	   discussed,	   dynamics	   analysis	   is	  
required	  to	  further	  analyse	  the	  differences	  observed.	  
6.4.2.c Force	  and	  thorax	  tilt	  
A	  reasonable	  agreement	  in	  the	  pattern	  of	  the	  waveforms	  for	  the	  force	  and	  thorax	  tilt	  is	  shown	  
(Figures	  6.20	   -­‐	  6.22).	  The	   influence	  of	   these	  parameters	  on	  other	  kinematics	   results	  has	  been	  
discussed,	  in	  particular	  the	  fact	  that	  the	  force	  pattern	  may	  act	  as	  an	  indicator	  of	  scapulothoracic	  
rotations.	  
Interestingly	  the	  subject	  with	  consistently	  the	  highest	  peak	  force	  was	  also	  the	  lightest	  by	  about	  
15kg.	  The	  early	  onset	  of	  force	  in	  this	  case	  (and	  one	  other	  subject)	  appears	  to	  coincide	  with	  a	  late	  
onset	  of	  thorax	  tilting,	  although	  an	  average	  scapulohumeral	  rhythm	  also	  seems	  to	  be	  followed.	  
With	  very	   few	  similar	   subjects	  no	  clear	   conclusions	   can	  be	  drawn	   from	   this,	  but	   further	  work	  
comparing	  heavier	  and	  lighter	  subjects	  would	  be	  interesting	  in	  the	  context	  of	  required	  power	  to	  
weight	  ratios	  in	  these	  extreme	  activities	  as	  well	  as	  potentially	  different	  techniques	  used.	  
6.4.3 Error	  of	  regression	  method	  relative	  to	  scapula	  tracker	  
The	   error	   between	   the	   ST	   measured	   scapulothoracic	   rotations	   and	   those	   predicted	   by	   a	  
regression	  method	   (Section	   6.2.5)	   are	   presented	   for	   the	   three	  motions	   tested	   as	   an	   average	  
with	   standard	  deviation	   (Table	  6.10)	   and	  at	   10%	   intervals	   through	   the	  pull-­‐up	  motion	   (Tables	  
6.11	   -­‐	   6.13).	   Error	   is	   defined	   as	   regression-­‐predicted	   rotation	   subtracted	   from	   measured	  
rotations.	  Significance	  in	  these	  differences	  is	  also	  presented	  (Tables	  6.11,	  6.12	  and	  6.13),	  as	  well	  
as	  the	  CMC	  between	  measured	  and	  regression-­‐predicted	  rotation	  (Table	  6.9).	  
6.4.3.a Upward	  rotation	  
The	   regression-­‐predicted	   upward	   rotations	   of	   the	   scapula	   all	   overestimate	   the	   measured	  
rotations	   for	   each	   of	   the	   three	   motions.	   Through	   the	   first	   70%	   of	   the	   pull-­‐up	   motion	   these	  
differences	  are	  shown	  to	  be	  significant	  and	  large	  (up	  to	  21°;	  Tables	  6.11	  -­‐	  6.13).	  The	  improved	  
prediction	   of	   the	   regression	  model	   at	   the	   top	   of	   the	  motion	   (>	   70%)	  may	   be	   partly	   because	  
these	  regression	  equations	  were	  designed	  for	  relatively	  low	  angles	  of	  humerothoracic	  elevation	  
(Barnett,	   1996).	   However,	   the	   regression	   used	   here	   applies	   a	   rotation,	   or	   offset,	   to	   the	  
measured	   scapula	   resting	   rotations,	   at	   approximately	  10°	  humerothoracic	   elevation,	   to	   give	  a	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prediction	   of	   the	   scapula	   rotations	   at	   any	   given	   humerothoracic	   rotation.	   Therefore	   the	  
predictions	   of	   all	   the	   rotations	   will	   always	   be	   significantly	   more	   accurate	   at	   low	   angles	   of	  
humerothoracic	  elevation	  since	  the	  deviation	  from	  the	  calibration	  position	  is	  small.	  
It	   is	   interesting	   to	   note	   that	   because	   there	   is	   a	   reduction	   in	   the	   rate	   of	   depression	   of	   the	  
humerus	  at	  the	  top	  of	  motion	  (Figure	  6.23)	  a	  similar	  pattern	  is	  predicted	  for	  the	  upward	  rotation	  
of	   the	   scapula	   by	   the	   regression	   equations.	  However,	   the	  measured	   scapula	   upward	   rotation	  
does	  not	  exhibit	  this	  trend	  to	  the	  same	  extent	  (Figure	  6.24)	  and	  so	  there	  is	  a	  marked	  change	  in	  
the	   gradient	   of	   the	   error	   for	   a	   number	  of	   subjects.	   This	   phenomenon	  may	  be	  explained	  by	   a	  
pushing	   forward	   of	   the	   chest	   toward	   the	   end	   of	   the	   motion	   resulting	   in	   increased	  
scapulothoracic	   upward	   and	   external	   rotation	   without	   a	   corresponding	   change	   in	  
humerothoracic	  elevation.	  
The	  CMC	  values	  between	  measured	  and	  predicted	  rotations	  indicate	  a	  poor	  agreement	  and	  thus	  
an	   inconsistent	   pattern	   of	   error	   (Table	   6.9).	   The	   between-­‐subject	   standard	   deviation	   is	   of	   a	  
similar	  magnitude	  to	  the	  average	  error,	  further	  adding	  to	  this	  conclusion	  (Table	  6.10).	  
6.4.3.b Internal	  rotation	  
Significant	  differences	  were	  found	  to	  cover	  more	  of	  each	  motion	  than	  in	  the	  upward	  rotations	  
although	  a	  pattern	  of	  reduced	  significance	  at	  the	  top	  of	  the	  motion	  is	  again	  clear	  and	  the	  error	  
magnitude	  is	  similar	  but	  shows	  underestimation	  (Table	  6.12).	  The	  CMC	  values	  for	  this	  rotation	  
demonstrate	  a	  very	  poor	  correlation	  and	  so	  an	  inconsistent	  pattern	  of	  error	  is	  observed	  (Table	  
6.9).	   The	   between-­‐subject	   standard	   deviation	   is	   again	   of	   a	   similar	  magnitude	   to	   the	   average	  
error,	  further	  confirming	  this	  conclusion	  (Table	  6.10).	  
It	   is	   theorised	   that	   the	   increased	   external	   rotation	   and	   decreased	   upward	   rotation	   of	   the	  
scapula	   predicted	   by	   the	   regression	   equations	  may	   be	   explicable	   given	   the	   high	   loads	   at	   the	  
hands.	  During	  pull-­‐ups	  a	  significant	  force	  is	  acting	  to	  pull	  the	  hand	  away	  from	  the	  thorax.	  This	  
force	  would	  therefore	  act	  to	  upwardly	  and	  internally	  rotate	  the	  scapula,	  particularly	  when	  the	  
humerus	   is	  at	  high	  angles	  of	  elevation.	  This	   is	  the	  pattern	  that	   is	  seen	  (Figures	  6.14b,	  6.16b	  &	  
6.18b).	   It	   can	   then	  be	   theorised	   that	   the	   top	  of	   the	   pull-­‐up	   (low	   angle	   of	   elevation)	   puts	   the	  
shoulder	  complex	  into	  a	  relatively	  stable	  position	  and	  thus	  the	  effects	  of	  the	  high	  forces	  at	  the	  
hand	  are	  reduced.	  The	  role	  of	  different	  force	  patterns	  between	  subjects	  has	  also	  been	  discussed	  
and	   may	   also	   be	   a	   contributing	   factor	   to	   the	   inconsistent	   pattern	   of	   errors	   seen	   between	  
Chapter	  6	  
	  176	  
subjects	  here.	  Modelling	  will	  allow	  an	  assessment	  of	  the	  muscle	  loading	  throughout	  the	  motions	  
and	  thus	  give	  an	  indication	  of	  the	  ways	  in	  which	  the	  force	  may	  affect	  the	  scapula.	  
6.4.3.c Posterior	  tilt	  
The	  least	  consistent	  pattern	  of	  error	  is	  observed	  in	  the	  posterior	  tilt	  of	  the	  scapula	  (Tables	  6.9	  
and	  6.10).	  However,	  the	  differences	  between	  the	  measured	  and	  regression	  predicted	  rotations	  
are	  small	  and	  there	  is	  little	  significance	  found	  in	  these	  differences,	  although	  some	  is	  seen	  at	  the	  
top	  of	  the	  motion	  (Table	  6.13).	  
These	  differences	  may	  be	  caused	  by	  increased	  uncertainty	  in	  measurement	  (Chapter	  5)	  as	  well	  
as	  the	  relatively	  small	  range	  of	  movement	  in	  this	  rotation.	  
Whilst	  explanations	  of	  the	  error	  in	  regression	  equations	  have	  been	  discussed	  it	  is	  important	  to	  
reiterate	  that	  these	  errors	  are	  generally	   large	  (Tables	  6.11	  –	  6.13)	  and	  inconsistent	  (Tables	  6.9	  
and	   6.10).	   With	   the	   type	   of	   complex	   and	   high	   loading	   pattern	   observed	   here	   regression	  
equations	  would	  also	  require	  a	  very	  large	  number	  of	  preliminary	  experiments	  if	  they	  were	  to	  be	  
done	  on	  an	  individual	  subject.	  These	  factors	  further	  indicate	  that	  regression	  equations	  are	  not	  
suitable	  to	  predict	  scapula	  kinematics	  in	  these	  activities.	  
6.4.4 Comparison	  of	  motions	  
6.4.4.a Humerothoracic	  rotations	  
The	   plane	   of	   elevation	   is	   significantly	   different	   between	   the	   three	   motions	   (Figure	   6.23	   and	  
Table	  6.14).	  As	  expected	  the	  most	  medial	  position	  of	  the	  hands,	  in	  the	  reverse	  motion,	  leads	  to	  
the	  most	  sagittal	  plane	  of	  elevation.	  Similarly	  when	  the	  hands	  are	  far	  apart	  in	  the	  wide	  motion	  
the	   plane	   of	   elevation	   is	  more	   coronal.	   The	   plane	   of	   elevation	  would	   be	   expected	   to	   have	   a	  
significant	  influence	  on	  the	  internal/external	  rotation	  of	  the	  scapula	  (Ludewig	  et	  al.,	  2009).	  
The	  posterior	  facing	  palms	  in	  the	  reverse	  motion	  lead	  to	  a	  more	  externally	  rotated	  humerus	  as	  
would	  be	  expected.	  The	  axial	  rotation	  of	  the	  humerus	  is	  an	  important	  factor	  in	  injury	  that	  will	  be	  
discussed	  in	  more	  depth	  with	  regards	  to	  the	  glenohumeral	  rotations	  (Section	  6.4.4.c).	  Significant	  
differences	   are	   found	  between	   the	  motions	   in	   these	   rotations,	   particularly	  between	   the	  wide	  
and	   the	  other	   two	  motions	   (Table	  6.14).	  However,	   the	  overall	   range	  of	   this	   rotation	   is	   similar	  
between	  motions.	  A	  cautious	  approach	  must	  be	  used	  when	  making	  inter-­‐subject	  comparisons	  of	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the	  internal/external	  rotations	  of	  the	  humerus	  due	  to	  large	  soft	  tissue	  artefacts	  (Kontaxis	  et	  al.,	  
2009,	  Cutti	  et	  al.,	  2005).	  
The	   elevation	   of	   the	   humerus	   shows	   a	   similar	   pattern	   between	   the	   three	   motions	   although	  
there	  are	  some	  significant	  differences	  (Table	  6.14).	  The	  front	  motion	  demonstrates	  a	  statistically	  
significant	  increase	  in	  elevation	  angle	  at	  the	  beginning	  of	  the	  motion;	  this	  may	  be	  aided	  by	  the	  
increased	   internal	   rotation	   of	   the	   humerus	   that	   reduces	   the	   bony	   constraints	   between	   the	  
scapula	  and	  humerus	  present	  in	  the	  reverse	  motion,	  allowing	  a	  higher	  elevation	  of	  the	  arm.	  The	  
wide	  motion	  will	  naturally	  have	  less	  elevation	  because	  of	  the	  more	  lateral	  position	  of	  the	  hands.	  
The	  reverse	  motion	  leads	  to	  a	  statistically	  significant	  reduction	  in	  humerus	  elevation	  at	  the	  top	  
of	  the	  motion.	  Rather	  than	  a	  bony	  constraint,	   in	  this	  case,	  an	   interaction	  between	  the	  bulk	  of	  
the	  muscles	   in	  the	  forearm	  and	  upper	  arm	  may	  act	  to	  reduce	  the	  height	  achieved	  in	  the	  front	  
motion.	  An	   increased	   involvement	  of	   the	  strong	  biceps	  muscle,	  anecdotally	   thought	   to	  be	  the	  
primary	  actuator	  of	  the	  reverse	  motion,	  may	  also	  allow	  a	  greater	  elevation.	  Meanwhile	  the	  wide	  
motion	   may	   be	   limited	   by	   the	   muscle	   power	   required	   to	   reach	   these	   high	   elevations	   in	   a	  
relatively	  extreme	  humerothoracic	  position	  (as	  compared	  to	  normal	  range	  of	  motion	  (Ludewig	  
et	   al.,	   2009).	   Further	   analysis	   with	   a	   musculoskeletal	   model	   will	   be	   vital	   in	   exploring	   these	  
hypotheses	  (Chapter	  9).	  
6.4.4.b Scapulothoracic	  rotations	  
Some	  significant	  differences	  are	  observed	  between	   the	   three	  motions	   for	   the	   scapulothoracic	  
rotations	  (Figure	  6.24	  and	  Table	  6.15).	  However,	  there	  is	  noticeably	  less	  significance	  than	  with	  
the	  humerothoracic	  rotations.	  
The	  more	  coronal	  plane	  of	  humerus	  elevation	  at	  the	  bottom	  of	  the	  wide	  motion	  appears	  to	  have	  
led	  to	  a	  significantly	  more	  externally	  rotated	  scapula	  in	  response.	  It	  is	  also	  clear	  that	  the	  range	  
of	   scapulothoracic	   internal/external	   motion	   is	   significantly	   less	   in	   the	   wide	   motion	   than	   the	  
other	  two	  motions.	  This	  appears	  to	  be	  partially	  compensated	  for	  by	  an	  increase	  in	  the	  range	  of	  
posterior	   tilt	   during	   this	   motion,	   although	   the	   magnitude	   of	   this	   difference	   is	   significantly	  
smaller	   than	   that	   seen	   in	   the	   internal/external	   rotation.	   Again,	   it	   could	   be	   that	   a	   different	  
pattern	   of	  muscle	   activation	  may	   be	   required	   to	   perform	   this	  motion	   that	   results	   in	   a	  more	  
‘locked	   in’	   scapula	   position,	   in	   which	   the	   scapula	   is	   pulled	   into	   a	   more	   protracted	   position	  
around	   the	   thorax	   and	   held	   relatively	   fixed	   by	   the	   powerful	   muscles	   of	   the	   back.	   The	   wide	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motion	  certainly	  seems	  to	  be	  a	  less	  inherently	  stable	  motion	  due	  to	  the	  increased	  separation	  of	  
the	  lateral	  portion	  of	  the	  scapula	  from	  the	  thorax	  and	  the	  more	  extreme	  humeral	  position.	  
The	   scapula	   externally	   rotates	   significantly	   more	   towards	   the	   top	   of	   the	   front	   motion	   as	  
compared	  to	  the	  reverse	  motion.	  This	  would	  be	  expected	  because	  the	  humerus	  has	  been	  shown	  
to	  move	  to	  a	  more	  coronal	  plane	  in	  this	  motion,	  thus	  bringing	  the	  scapula	  out	  externally	  as	  well.	  
The	  greater	  upward	  rotation	  of	  the	  scapula	  at	  the	  bottom	  of	  the	  front	  motion	  compared	  to	  the	  
other	   two	   motions	   is	   expected	   given	   the	   increased	   humeral	   elevation.	   Similarly	   a	   reduced	  
upward	   rotation	   of	   the	   scapula	   is	   seen	   in	   the	   reverse	  motion,	   in	   line	  with	   the	   differences	   in	  
humerothoracic	  elevation.	  
Overall	  the	  pattern	  of	  scapula	  motion	  is	  sensible	  and	  the	  ranges	  of	  the	  rotations	  are	  comparable	  
to	  those	  found	  in	  multi-­‐planar	  humeral	  elevation	  (Ludewig	  et	  al.,	  2009).	  A	  deeper	  analysis	  of	  the	  
musculoskeletal	   system	   may	   reveal	   additional	   information	   about	   the	   significant	   differences	  
found	  in	  movement	  patterns	  between	  these	  three	  motions.	  
6.4.4.c Glenohumeral	  rotations	  
The	   significant	   differences	   in	   the	   humerothoracic	   internal/external	   rotations	   and	   the	  
scapulothoracic	   internal/external	   rotations	   have	   been	   discussed	   and	   these	   have	   conspired	   to	  
describe	   a	   significantly	   different	   pattern	  of	   glenohumeral	   internal/external	   rotation.	  Although	  
rotations	  about	  this	  axis	  have	  already	  been	  noted	  for	  their	  relatively	  large	  soft	  tissue	  artefacts	  
(Section	  6.4.4.a),	   the	  very	  high	   levels	  of	   significance	   (p<0.001)	   shown	   (Table	  6.16)	  allow	  some	  
confidence	   in	   discussing	   the	   differences	   found.	   There	   is	   a	   significantly	   larger	   range	   of	  
internal/external	  rotation	  in	  the	  reverse	  motion,	  starting	  in	  a	  position	  of	  quite	  extreme	  external	  
rotation	  (Ludewig	  et	  al.,	  2009).	  
Internal	   rotation	   of	   the	   humerus	   during	   abduction	   and	   flexion	   has	   been	   shown	   to	   give	   the	  
highest	  subacromial	  compression	  forces	  in	  a	  cadaver	  study	  (Hughes,	  Green	  &	  Taylor,	  2012).	  The	  
extremes	  of	  internal	  rotation	  are	  not	  particularly	  clear	  in	  these	  motions,	  although	  the	  front	  and	  
wide	  pull-­‐ups	  do	  show	  significantly	  more	  internal	  rotation	  at	  high	  angles	  of	  elevation.	  This	  puts	  
them	  at	  some	  risk.	  90°	  of	  arm	  abduction	  with	  45°	  external	  rotation,	  as	  seen	  particularly	  during	  
the	  wide	  pull-­‐up,	  has	  been	  shown	  to	  give	  a	  significantly	  smaller	  sub-­‐acromial	  space	  than	  other	  
abduction	  positions	  (Graichen	  et	  al.,	  1999a).	  However,	  it	  was	  also	  suggested	  that	  the	  acromion	  
was	   not	   as	   close	   the	   vulnerable	   part	   of	   the	   supraspinatus	   in	   this	   position	   (Graichen	   et	   al.,	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1999a).	  Greater	  protraction	  of	  the	  scapula	  relative	  to	  the	  humerus	  frame	  has	  also	  been	  shown	  
to	   reduce	   sub-­‐acromial	   space	   (Solem-­‐Bertoft,	   Thuomas	   &	  Westerberg,	   1993).	   Thus	   the	   wide	  
pull-­‐up	  may	  be	   a	   particular	   concern	   for	   impingement	   injuries.	   A	   number	  of	   studies	   have	   also	  
found	   that	   high	   elevation	   of	   the	   arm	   reduces	   sub-­‐acromial	   space	   and	   increases	   the	   risk	   of	  
impingement	   injuries	   (Hughes,	   Green	   &	   Taylor,	   2012,	   Bey	   et	   al.,	   2007,	   Karduna,	   Kerner	   &	  
Lazarus,	  2005,	  Graichen	  et	  al.,	  1999a).	  The	  elevation	  of	   the	  arm	   in	  all	   the	  pull-­‐ups	   is	  high	  and	  
thus	  there	  is	  a	  risk	  associated	  with	  the	  activity	  due	  to	  the	  reduced	  sub-­‐acromial	  space.	  However,	  
these	  studies	  generally	  looked	  at	  unloaded	  movements	  and	  so	  the	  conclusions	  on	  sub-­‐acromial	  
space	  may	  be	  different	  than	  the	  loaded	  case	  analysed	  here.	  
The	  effect	  of	  load	  may	  be	  significant	  in	  increasing	  these	  subacromial	  pressures.	  Musculoskeletal	  
modelling	   later	   in	   this	   thesis	  may	  be	  a	  useful	  method	   to	   test	   the	  prevalence	  of	  high	   forces	   in	  
these	  areas.	  These	  muscles	  around	  the	  top	  of	  the	  scapula	  may	  also	  be	  susceptible	  to	  high	  loads	  
while	  undergoing	  eccentric	  contraction.	  This	   loading	  pattern	  has	  been	  strongly	   linked	  to	  injury	  
and	   thus	   the	  modelling	  will	   also	   consider	   this	   (Schache	   et	   al.,	   2009,	   Talbot	  &	  Morgan,	   1998,	  
Lieber	  &	  Friden,	  1993,	  Wood,	  Morgan	  &	  Proske,	  1993,	  Friden	  &	  Lieber,	  1992).	  
The	   pattern	   of	   elevation	   during	   the	   three	   motions	   is	   similar	   with	   few	   significant	   differences	  
observed.	  As	   found	  with	   the	  humerothoracic	  plane	  of	  elevation,	   the	  plane	  of	  elevation	  of	   the	  
glenohumeral	  joint	  follows	  a	  predictable	  pattern	  with	  a	  more	  coronal	  plane	  in	  the	  wide	  motion	  
and	  a	  more	  sagittal	  plane	  in	  the	  reverse	  motion.	  The	  wide	  motion	  seems	  to	  stay	  predominantly	  
in	   the	   plane	   of	   the	   scapula,	   potentially	   allowing	   the	   rotator	   cuff	   to	   provide	   a	  more	   effective	  









− A	  novel	  dataset	  has	  been	  presented	  that	  describe	  the	  external	  forces	  and	  motions	  of	  the	  
shoulder	  complex	  during	  three	  pull-­‐up	  motions.	  The	  sternoclavicular,	  acromioclavicular	  
and	  elbow	  rotations	  have	  also	  been	  calculated	  but	  are	  outside	  the	  scope	  of	  this	  thesis.	  
The	  elbow	  and	  SC	  rotations	  are	  presented	  in	  Appendix	  2.	  
− Intra-­‐subject	   repeatability	  has	  been	   shown	   to	  be	  very	  good.	   Similar	  patterns	  emerged	  
within	  the	  subjects	  tested	  and	  outliers	  have	  been	  discussed.	  
− Regression	  methods	  were	   shown	   to	   be	   unsuitable	   for	   extreme	   applications	   and	   since	  
palpation	  methods	  are	  not	  feasible	  the	  methodology	  used	  here	  is	  the	  most	  suitable.	  
− Significant	   differences	   are	   shown	   to	   exist	   in	   the	   kinematics	   of	   the	   upper	   limb	   with	  
different	  pull-­‐up	   techniques.	  Areas	   for	   further	  dynamic	  analysis	  have	  been	  highlighted	  







Chapter	  7 	  
Scaling	  and	  kinematics	  optimisation	  
	  
	  
This	   chapter	   introduces	   and	   tests	   a	   methodology	   to	   apply	   the	   measured	   kinematics	   from	  
Chapter	  6	  to	  a	  scaled	  musculoskeletal	  model.	  This	  methodology	  is	  compared	  against	  the	  strictly	  
closed	   chain	   optimisations	   described	   in	   Chapter	   4.	   A	   novel	   scaling	   of	   the	   thorax	   is	   also	  
presented,	   sensitivity	   to	   changes	   in	   joint	   kinematics	   are	   analysed	   and	   the	   separation	   of	   the	  
medial	  border	  of	  the	  scapula	  from	  the	  thorax	  is	  presented	  and	  discussed.	  
	  




Scaling	   of	   a	   model	   is	   important	   to	   accurately	   represent	   the	   inter-­‐segmental	   joint	   moments,	  
especially	  in	  a	  dynamic	  movement	  with	  the	  presence	  of	  an	  external	  force.	  There	  is	  evidence	  that	  
simple	  uniform	  scaling	  in	  a	  model	   increases	  the	  accuracy	  of	  force	  predictions	  in	  dynamic	  tasks	  
but	   has	   a	   small	   effect	   in	   static-­‐loaded	   tasks	   (Nikooyan	   et	   al.,	   2010).	   Once	   scaling	   has	   been	  
performed	  on	  a	  model’s	  geometry	   it	   is	   then	  vital	   to	  test	   that	  the	  model	  remains	  physiological	  
such	   that	   there	   is	   no	   overlap	   between	   solid	   structures	   and	   the	   joint	   rotations	   are	   within	  
reasonable	  bounds.	  Close	  agreement	  should	  also	  be	  maintained	  to	  the	  measured	  kinematics	  of	  
the	   movement	   being	   simulated.	   Optimisation	   of	   measured	   kinematics	   with	   appropriate	  
constraints	   has	   been	   used	   in	   a	   number	   of	   models	   to	   ensure	   this	   (Nikooyan	   et	   al.,	   2011,	  
Dickerson,	  Chaffin	  &	  Hughes,	  2007,	  Charlton	  &	  Johnson,	  2006,	  van	  der	  Helm,	  1994b,	  Hogfors	  et	  
al.,	   1991).	   The	   applied	  methods	   used	   to	   perform	   this	   optimisation	   across	   the	   literature	  were	  
discussed	  previously	  in	  Section	  5.4.1d,	  including	  the	  common	  constraints	  that	  the	  scapula	  must	  
slide	   on	   the	   surface	   of	   the	   thorax	   and	   the	   conoid	   ligament	   must	   maintain	   a	   fixed	   length	  
(Nikooyan	  et	  al.,	  2011).	  This	  will	  be	  referred	  to	  as	  a	  fixed	  closed-­‐chain	  (FCC)	  optimisation	  and	  it	  
was	   suggested	   that	   a	   relaxation	   of	   these	   constraints	   might	   lead	   to	   closer	   agreement	   with	  
measured	  kinematics	  whilst	  maintaining	  a	  physiological	  representation.	  
Research	   has	   shown	   that	   non-­‐homogeneous	   scaling	   of	   the	   segments	   of	   the	   upper	   limb	   in	  
combination	  with	   a	   FCC	   optimisation	   can	   lead	   to	   difficulty	   in	   finding	   scapula	   kinematics	   that	  
agree	  with	  model	  geometry	  (Martelli,	  Veeger	  &	  Van	  der	  Helm,	  2008,	  Martelli,	  Veeger	  &	  Van	  der	  
Helm,	   2007,	   Charlton,	   2003).	   Scaling	   of	   segment	   geometry	   also	   requires	   scaling	   of	   muscle	  
attachments	  and	  muscle	  properties	  such	  as	  optimal	  fibre	  length.	  Muscle	  attachments	  have	  been	  
shown	  to	  scale	  reasonably	  well	  in	  some	  muscles	  of	  the	  elbow	  (Murray,	  Buchanan	  &	  Delp,	  2002)	  
but	  it	  is	  not	  clear	  how	  the	  muscles	  of	  the	  shoulder	  or	  their	  parameters	  scale	  (Bolsterlee,	  Veeger	  
&	   van	   der	   Helm,	   2012,	   Holzbaur	   et	   al.,	   2007b,	   Holzbaur	   et	   al.,	   2007a).	   The	   current	   standard	  
method	   thus	   involves	   no	   scaling	   of	   a	   model	   with	   the	   FCC	   kinematics	   optimisation	   applied	  
(Nikooyan	  et	  al.,	  2011).	  
The	  aim	  of	   this	   chapter	   is	   therefore	   to	   test	   the	  deviation	   from	  measured	  kinematics	  with	   the	  
fixed	   closed-­‐chain	  method	   in	   the	  NSM.	  Another	  method,	   using	  more	   relaxed	   constraints,	   and	  
referred	  to	  here	  as	  the	  partially	  closed	  chain	  method	  (PCC),	  is	  introduced	  and	  compared	  to	  the	  
standard	  methods.	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7.2 Scaling	  
7.2.1 Scapula	  scaling	  
The	  shape	  of	  the	  scapula,	  and	  particularly	  the	  acromion	  process,	  has	  been	  shown	  to	  be	  highly	  
variable	   across	   subjects	   (Krobot,	   Janura	   &	   Elfmark,	   2009,	   Pappas	   et	   al.,	   2006,	   Pronk,	   1991,	  
Wolffson,	  1950).	  Scaling	  of	  a	  model’s	  scapula	  onto	  a	  subject’s	  scapula	  can	  be	  achieved	  through	  
homogeneous	  or	  non-­‐homogeneous	  changes	   to	   the	  dimensions	  of	   the	  model’s	  scapula.	  There	  
are	   four	   commonly	   palpated	   landmarks	   on	   the	   bone	   (Figure	   7.1):	   the	   acromioclavicular	   joint	  
(AC),	  the	  acromial	  angle	  (AA),	  trigonum	  spinae	  (TS)	  and	  the	  inferior	  angle	  (AI).	  	  
	  
Figure	   7.1:	   Landmarks	   of	   the	   scapula:	   AA	   (acromial	   angle),	   AC	   (acromioclavicular	   joint),	   TS	   (trigonum	   spinae),	   AI	  
(inferior	  angle	  of	  the	  scapula),	  AS	  (superior	  angle	  of	  the	  scapula)	  and	  CP	  (tip	  of	  the	  coracoid	  process).	  Filled	  circles	  
represent	  easily	  palpatable	  landmarks	  and	  open	  circles	  are	  landmarks	  that	  are	  very	  difficult	  to	  palpate	  in	  vivo.	  	  
The	   coordinate	   frame	   that	   describes	   the	   plane	   of	   the	   scapula	   is	   defined	   with	   AA,	   TS	   and	   AI	  
(Section	  2.6.4).	  The	  only	  palpatable	  measure	  that	  represents	  the	  scapula’s	  depth	  is	  the	  length	  of	  
the	  acromion	  process	  (i.e.	  AA	  to	  AC).	  However,	  the	  high	  variability	  and	  obliquity	  of	  this	  feature	  
to	  the	  normal	  of	  the	  scapular	  plane	  means	  that	  it	  is	  a	  poor	  indicator	  of	  the	  depth	  of	  the	  scapula.	  	  
7.2.1.a Method	  
The	  distance	  between	  AC	  and	  AI	   is	  used	  here,	  as	   in	  the	  published	  version	  of	  the	  NSM,	  since	  it	  
gives	  a	  good	  overall	   indication	  of	  scapula	  size	  without	  relying	  heavily	  on	  the	  acromion	  process	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size.	  This	  distance	  is	  measured	  in	  the	  subjects	  and	  compared	  to	  the	  reference	  length	  in	  the	  VH	  
scapula	  to	  find	  a	  homogeneous	  scaling	  factor.	  This	  scaling	  factor	  is	  then	  applied	  to	  the	  model’s	  
scapula.	  
7.2.2 Thorax	  scaling	  
The	  NSM	  uses	   two	  ellipses	   to	   represent	   the	   thorax:	  one	   to	  define	   the	   scapulothoracic	   gliding	  
plane	  (STGP)	  and	  the	  other	  to	  define	  the	  right	  side	  of	  the	  rib	  cage	  (RC;	  Figure	  7.2).	  The	  STGP	  lies	  
between	   the	   medial	   border	   of	   the	   scapula	   and	   the	   posterior-­‐lateral	   portion	   of	   the	   rib	   cage	  
(Figure	   7.2a).	   The	   STGP	   ellipse	  was	   fitted	   to	   CT	   scans	   of	   the	   VH	   thorax	   and	   then	   a	   thickness	  
(10mm)	  was	  applied	   to	   the	  scapulothoracic	   joint	   (Charlton,	  2003).	  This	   takes	   into	  account	   the	  
muscles	  in	  the	  region	  as	  well	  as	  the	  separating	  bursa	  (Williams	  et	  al.,	  1999).	  The	  larger	  RC	  ellipse	  
(Figure	  7.2b)	  provides	  a	  wrapping	  surface	  for	  muscles	  like	  latissimus	  dorsi.	  
Non-­‐homogeneous	  scaling	  of	  the	  STGP	  and	  RC	  ellipses	  is	  difficult	  in	  the	  NSM	  because	  there	  are	  
not	  clear	  palpatable	  landmarks	  that	  fall	  on	  these	  ellipses	  (as	  demonstrated	  in	  Figure	  7.2).	  Whilst	  
this	   does	  not	  make	   scaling	  based	  on	   the	   landmarks	   impossible	   it	   adds	   a	   significant	  degree	  of	  
uncertainty	   to	   it.	   Scaling	  based	  on	  a	   large	  number	  of	  markers	  covering	   the	   thorax	  could	  have	  
been	   effective	   for	   the	   RC	   ellipse,	   but	   not	   the	   STGP	   ellipse	   as	   it	   lies	   beneath	   the	   scapula.	  
Interference	   from	   muscles	   and	   the	   impracticalities	   of	   the	   large	   marker	   set	   were	   seen	   as	  
significant	  obstacles.	  
However,	   the	   kinematics	   of	   the	   scapula	   has	   been	   shown	   to	   be	   very	   sensitive	   to	   the	   size	   and	  
shape	  of	  this	  thorax	  ellipse	  (Charlton,	  2003).	  These	  conclusions	  relied	  on	  the	  constraint	  that	  the	  
TS	   and	  AI	   should	  be	   in	   contact	  with	   the	  ellipse	   at	   all	   times,	   so	   this	   conclusion	   is	   unsurprising	  
given	  that	  the	  ellipse	  would	  therefore	  define	  the	  path	  of	  the	  scapula.	  It	  is	  certainly	  reasonable	  to	  
assume	   that	   the	   scapula	   does	   not	   penetrate	   the	   rib	   cage	   during	   physiological	   motions,	   and	  
although	  some	  separation	  may	  be	  possible	  the	  ellipse	  will	  still	  be	  important	  in	  constraining	  the	  
scapula	  kinematics.	  Therefore,	  some	  constraint	  between	  the	  scapula	  and	  the	  rib	  cage,	  as	  well	  as	  
the	  size	  and	  position	  of	  the	  ellipses,	  are	  important.	  
The	   errors	   in	   fitting	   ellipses	   based	   on	   thorax	   external	  measures	  were	   around	   5%	   for	   a	   single	  
cadaver	   (Pronk,	   1991).	   This	   level	   of	   error	   is	   uncertain	   given	   the	   small	   sample	   size	   and	   with	  
similar	  errors	  the	  effects	  on	  the	  scapula	  kinematics	  can	  be	  up	  to	  5°	  in	  posterior	  tilt	  and	  slightly	  
less	   in	   the	   other	   rotations	   (Charlton,	   2003).	   Thus	   significant	   errors	   in	   kinematics	   can	   be	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introduced	   from	  a	  scaling	  where	   the	  accuracy	   is	  unclear	  and	  as	  such	  another	  method	  may	  be	  
useful,	  both	  to	  reduce	  sensitivity	  and	  to	  define	  the	  thorax	  shape.	  
	  
Figure	  7.2:	  (a)	  Three	  views	  of	  the	  STGP	  ellipse	  (b)	  Two	  views	  of	  the	  ellipse	  representing	  the	  volume	  of	  the	  thorax	  
(RC	  ellipse).	  This	  shape	  acts	  as	  the	  wrapping	  object	  for	  muscles	  like	  the	  latissimus	  dorsi.	  
7.2.2.a Methods	  
A	  novel	  method	  to	  provide	  a	  correction	  factor	  to	  the	  thorax	  ellipse	  is	  described	  here,	  where	  the	  
shape	  of	  the	  thorax	  is	  considered	  primarily	  as	  an	  influence	  on	  the	  scapula	  kinematics.	  
A	  homogeneous	  scaling	  factor	  is	  defined	  for	  the	  thorax	  ellipses	  based	  on	  the	  relative	  height	  of	  







𝑇! = height  of  subject1.80 	  
Equation	  7.1:	  Initial	  homogeneous	  scaling	  factor	  for	  thorax	  ellipses.	  The	  VH	  subject’s	  height	  was	  1.80m.	  
Static	  measurements	  of	  bony	  landmarks	  are	  taken	  in	  three	  positions:	  (1)	  rest	  with	  the	  arms	  by	  
the	  side,	  (2)	  arms	  horizontal	  at	  45°	  to	  the	  coronal	  plane	  and	  (3)	  arms	  at	  maximal	  elevation.	  The	  
motion	  capture	  set-­‐up	  described	  (Section	  6.2)	  was	  used	  to	  determine	  the	  position	  of	  the	  bony	  
landmarks:	  
-­‐ The	  scapula	  Palpator	  (Section	  5.2.2)	  to	  measure	  three	  scapula	  landmarks	  (AA,	  TS	  and	  AI).	  
-­‐ Skin-­‐fixed	   retro-­‐reflective	  markers	   to	  measure	   five	   thorax	   landmarks	   (SC,	   IJ,	   PX,	   C7	   and	  
T8).	  
-­‐ The	  scapula	  Tracker	   (Chapter	  5)	   to	  determine	  the	  position	  of	   the	  AC	   joint,	   the	  centre	  of	  
which	   is	   digitised	   at	   90°	   elevation	   and	   45°	   horizontal	   abduction,	   the	   optimal	   state	   for	  
scapula	  landmarks.	  
The	  clavicle	  was	  scaled	  homogeneously	  based	  on	  the	  distance	  between	  the	  AC	  and	  SC	  joint	  and	  
the	  scapula	  based	  on	  the	  distance	  between	  AC	  and	  AI	  (Section	  7.2.1).	  The	  rotation	  matrices	  at	  
the	  SC	  and	  AC	  joints	  were	  then	  calculated	  (as	  in	  Sections	  2.6	  and	  6.2.5)	  and	  used	  to	  determine	  
the	  position	  of	  the	  TS	  and	  AI	  relative	  to	  the	  thorax.	  	  
The	   landmarks	   on	   the	   medial	   border	   of	   the	   scapula	   (TS	   and	   AI)	   were	   used	   to	   provide	   a	  
correction	  factor	  to	  the	  STGP	  ellipse	  scaling	  factors.	  An	  objective	  function	  was	  used	  that	  keeps	  
the	  non-­‐homogeneous	  scaling	  factors	  as	  close	  as	  possible	  to	  the	  factor	  found	  in	  Equation	  7.1	  in	  
a	  least	  squares	  sense.	  
The	  constraint	  on	  the	  optimisation	  is	  that	  the	  TS	  and	  AI	  cannot	  fall	  inside	  the	  STGP	  ellipse.	  This	  
novel	  correction	  to	  the	  scaling	  factor	  is	  applied	  to	  the	  size	  and	  centre	  position	  of	  both	  ellipses	  
throughout	   the	   simulation.	  The	  ellipse	   is	   scaled	   such	   that	   the	  measured	  points	  on	   the	  medial	  
border	  of	  the	  scapula	  will	  not	  penetrate	  in	  any	  of	  the	  measured	  static	  positions.	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min 𝑇! − 𝑇! ! + 𝑇! − 𝑇! ! + 𝑇! − 𝑇! ! 	  
such	  that:	  
𝐴𝐼!,! −𝑀!𝐴! ! + 𝐴𝐼!,! −𝑀!𝐴! ! + 𝐴𝐼!,! −𝑀!𝐴! ! − 1 > 0	  
𝑇𝑆!,! −𝑀!𝐴! ! + 𝑇𝑆!,! −𝑀!𝐴! ! + 𝑇𝑆!,! −𝑀!𝐴! ! − 1 > 0	  
𝑇!,  𝑇!,  𝑇!	  are	   the	   non-­‐homogeneous	   thorax	   scaling	   parameters	   being	   optimised;	   i	   indicates	   each	   of	   the	   3	   arm	  
positions;	  𝐴𝐼!,! ,	  𝐴𝐼!,!,	  𝐴𝐼!,!	  is	  the	  position	  of	  AI	  in	  trial	  i;	  𝑇𝑆!,!,	  𝑇𝑆!,!	  ,	  𝑇𝑆!,!	  is	  the	  position	  of	  TS	  in	  trial	  i;	  𝑀! ,𝑀! ,𝑀!	  is	  
the	  centre	  of	  the	  thorax	  ellipse;	  𝐴!,  𝐴!,  𝐴!	  are	  the	  vectors	  corresponding	  to	  axes	  lengths.	  Ellipse	  thickness	  of	  10mm	  
is	  included	  here.	  
Equation	  7.2:	  Optimisation	  and	  constraints	  used	  to	  find	  the	  thorax	  ellipses	  scaling	  factors.	  
7.2.3 General	  scaling	  method	  
The	   forearm,	   humerus	   and	   clavicle	   segments	   are	   all	   scaled	   homogeneously	   in	   the	   three	   axes	  
based	  on	   the	   relative	   distance	  between	   the	   joint	   centres.	   The	  wrist	   axis	   is	   defined	  with	   skin-­‐
fixed	  markers	  placed	  on	  the	  ulna	  and	  radial	  styloids,	  with	  the	  centre	  calculated	  as	  the	  mid-­‐point	  
of	  these.	  Digitised	  positions	  of	  the	  lateral	  and	  medial	  epicondyles	  of	  the	  elbow	  define	  the	  elbow	  
axis,	  again	  with	  the	  mid-­‐point	  as	  the	  joint	  centre.	  A	  functional	  method	  is	  used	  to	  determine	  the	  
GH	   centre	   (described	   in	   Section	   5.4.1c).	   The	   SC	   and	   AC	   joints	   are	   digitised	   using	   the	   Vicon	  
‘calibration	  wand’	  to	  determine	  the	  length	  of	  the	  clavicle.	  These	  distances	  are	  compared	  to	  the	  
reference	  values	  for	  the	  VH	  to	  define	  a	  homogeneous	  scaling	  factor.	  
All	  segments	  except	  the	  thorax	  are	  thus	  defined	  using	  homogeneous	  scaling	  factors.	  
7.3 Kinematics	  optimization	  
An	   open-­‐MRI	   study	   found	   evidence	   that	   the	   conoid	   ligament	   may	   not	   be	   a	   fixed	   length	  
throughout	  abduction	  of	  the	  arm,	  and	  that	  the	  length	  may	  change	  with	  posture	  (Izadpanah	  et	  
al.,	  2012),	  a	  finite	  element	  model	  based	  on	  CT	  images	  from	  10	  subjects	  seem	  to	  confirm	  these	  
findings	  (Seo	  et	  al.,	  2012).	  The	  length	  of	  this	  ligament	  may	  also	  have	  an	  inconsistent	  length	  and	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attachment	  positions	  between	  subjects	  (SD	  up	  to	  ±25%	  mean;	  Takase,	  2010,	  Harris	  et	  al.,	  2001),	  
although	  a	   large	   study	  of	  dry	  bones	   suggests	   the	   insertions	  may	   scale	  quite	  well	  with	   clavicle	  
length	   (Rios,	  Arciero	  &	  Mazzocca,	  2007).	   It	   is	  also	   theorised	  that	   the	  distance	  between	  the	  TS	  
and	  AI	  and	  the	  thorax	  is	  not	  a	  constant;	  particularly	  at	  high	  angles	  of	  elevation	  and	  under	  high	  
loading	   conditions	   such	   as	   those	   analysed	   here	   (Bolsterlee,	   Veeger	   &	   van	   der	   Helm,	   2012,	  
Bolsterlee,	   van	   der	   Helm	   &	   Veeger,	   2011,	   Charlton,	   2003).	   It	   should	   be	   noted	   that	   although	  
some	  early	  evidence	  has	  been	  presented	  for	  the	  level	  of	  this	  separation	  it	  is	  not	  believed	  to	  be	  
convincing	  by	  the	  authors	  due	  to	  experimental	  errors	  (Bolsterlee,	  2012),	  hence	  no	  experimental	  
evidence	  of	  this	  separation	  was	  found.	  
The	  separation	  of	  the	  scapula	  from	  the	  surface	  of	  the	  rib	  cage	  can	  be	  pathological,	  particularly	  
with	  weakness	  of	  the	  serratus	  anterior	  (Burkhart,	  Morgan	  &	  Kibler,	  2003a,	  Kibler	  et	  al.,	  2002).	  
However,	   the	   separation	   of	   the	   scapula	   and	   rib	   cage	  may	   theoretically	   be	   desirable	   in	   some	  
cases.	   For	   example,	   when	   performing	   loaded	   overhead	   activities	   it	   may	   be	   that	   the	   scapula	  
needs	   to	   tilt	   backwards	   off	   the	   rib	   cage	   to	   avoid	   significant	   impingement	   of	   the	   rotator	   cuff	  
muscles	   in	   this	   position	   (Bey	   et	   al.,	   2007).	   There	   may	   also	   be	   other	   advantages	   with	   re-­‐
positioning	  of	  the	  scapula	  to	  allow	  stronger	  moment	  arms	  in	  particular	  muscles.	  There	  may	  also	  
be	   situations,	   for	   example	   with	   a	   high	   external	   load	   acting	   to	   upwardly	   rotate	   the	   scapula,	  
where	  a	  high	  activation	  of	  muscles	  like	  serratus	  anterior	  are	  undesirable	  since	  they	  also	  act	  to	  
upwardly	  rotate	  the	  scapula.	  	  
The	  kinematics	  optimisation	  methods	  used	  in	  other	  models	  to	  optimise	  kinematics	  are	  detailed	  
in	  Table	  4.3,	  including	  the	  use	  of	  a	  one-­‐sided	  constraint	  (Hogfors,	  Sigholm	  &	  Herberts,	  1987)	  and	  
a	   single	  point	  of	   attachment	   to	   the	   thorax	  with	   an	  allowable	   cone	  of	   rotation	  determined	  by	  
anatomical	  structures	  at	  each	  joint	  (latter	  only	  used	  in	  animation;	  Maurel	  et	  al.,	  2002,	  Maurel	  &	  
Thalmann,	   2000).	   There	   are	   reported	   cases	   of	   scaled	  models	   not	   being	   able	   to	   find	   feasible	  
solutions	  to	  the	  FCC	  kinematics	  optimisation	  (Martelli,	  Veeger	  &	  Van	  der	  Helm,	  2008,	  Charlton,	  
2003).	  
It	  is	  therefore	  theorised	  that	  a	  relaxation	  of	  the	  kinematics	  optimisation	  constraints	  will	  allow	  a	  
more	  robust	  scalable	  simulation	  that	  maintains	  a	  closer	  agreement	  to	  the	  measured	  kinematics.	  
This	  is	  tested	  in	  the	  NSM	  by	  comparison	  of	  a	  number	  of	  methods	  including	  the	  current	  standard	  
method	  used	  in	  the	  literature	  (the	  FCC	  method).	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7.3.1.a Methods	  
A	  number	  of	  scaling	  and	  kinematics	  optimization	  methodologies	  are	  presented.	  The	  first	  is	  the	  
one	   presented	   in	   this	   chapter	   (Sections	   7.2.2.a	   and	   7.2.3),	   which	   will	   be	   referred	   to	   as	   the	  
partially	   closed-­‐chain	   (PCC)	   method.	   In	   this	   method	   the	   scapula	   and	   clavicle	   kinematics	   are	  
optimised	   to	   reduce	   the	   least	   squares	  difference	   to	   the	  measured	   joint	   rotations.	  Meanwhile	  
the	  medial	  border	  of	  the	  scapula	   is	  only	  constrained	  to	  not	  penetrate	  the	  ellipse	  representing	  
the	  STGP	  and	  the	  length	  of	  the	  conoid	  ligament	  is	  not	  used	  as	  a	  constraint	  (Equation	  7.3).	  
In	  the	  FCC	  method	  the	  scapula	  and	  clavicle	  kinematics	  are	  again	  optimised	  to	  reduce	  the	  least	  
squares	   difference	   to	   the	   measured	   joint	   rotations,	   but	   the	   medial	   border	   of	   the	   scapula	   is	  
constrained	  to	  stay	   in	  contact	  with	   the	  STGP	  ellipse	  and	  the	  conoid	   ligament	  must	  maintain	  a	  
fixed	  length	  (van	  der	  Helm,	  1994b).	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min w! ∙ 𝑆𝑥! − 𝑆𝑥! ! + 𝑆𝑦! − 𝑆𝑦! ! + 𝑆𝑧! − 𝑆𝑧! !+ w!,! ∙ 𝐶𝑥! − 𝐶𝑥! ! + w!,! ∙ 𝐶𝑦! − 𝐶𝑦! ! + 𝐶𝑧! − 𝐶𝑧! ! 	  
for	  PCC	  method	  such	  that:	  
1− 𝑇𝑆! −𝑀!𝐴! ! − 𝑇𝑆! −𝑀!𝐴! ! − 𝑇𝑆! −𝑀!𝐴! ! ≤ 0	  
1− 𝐴𝐼! −𝑀!𝐴! ! − 𝐴𝐼! −𝑀!𝐴! ! − 𝐴𝐼! −𝑀!𝐴! ! ≤ 0	  
or	  for	  FCC	  method	  such	  that:	  
1− 𝑇𝑆! −𝑀!𝐴! ! − 𝑇𝑆! −𝑀!𝐴! ! − 𝑇𝑆! −𝑀!𝐴! ! = 0	  
1− 𝐴𝐼! −𝑀!𝐴! ! − 𝐴𝐼! −𝑀!𝐴! ! − 𝐴𝐼! −𝑀!𝐴! ! = 0	  
𝐿!"#,!"#$ − 𝐿!"# = 0	  
𝑇!,  𝑇!,  𝑇!	  are	   the	  non-­‐homogeneous	   thorax	   scaling	  parameters	  being	  optimised	  and	   i	   indicates	  each	  of	   the	   three	  
arm	  positions.	  𝐴𝐼!,!	  ,	  𝐴𝐼!,!	  ,	  𝐴𝐼!,!	  are	  the	  coordinates	  of	  AI	  in	  trial	  i	  of	  three;	  𝑇𝑆!,!	  ,	  𝑇𝑆!,!	  ,	  𝑇𝑆!,!	  are	  the	  coordinates	  of	  
TS	  in	  trial	  i	  of	  three;	  𝑀!,  𝑀!	  ,  𝑀!	  are	  the	  coordinates	  of	  the	  centre	  of	  the	  thorax	  ellipse;	  𝐴!,  𝐴!	  ,  𝐴!	  are	  the	  vectors	  
associated	  with	  the	  axes	   lengths.	  The	  ellipse	  thickness	  of	  10mm	  is	   included	  here.	   In	  addition,	  w!	  is	   the	  weighting	  
factor,	  2,	  for	  the	  scapula	  angles;	  𝑆𝑥!,  𝑆𝑦!and	  𝑆𝑧!	  are	  the	  measured	  scapula	  Euler	  rotations;	  w!,!	  is	  the	  weighting	  
factor,	   0.75,	   for	   the	   clavicle	   axial	   rotation	   angle;	  w!,!	  is	   the	  weighting	   factor,	   1,	   for	   the	   clavicle	   rotation	   angles;	  𝐶𝑥!,  𝐶𝑦!and  𝐶𝑧!	  are	  the	  measured	  clavicle	  Euler	  rotations,	  𝐿!"!,!"#$	  is	  the	  rest	  length	  of	  the	  conoid	  ligament	  and	  𝐿!"#	  the	  length	  during	  movement.	  
Equation	  7.3:	  Kinematics	  optimisation	  objective	  function	  with	  constraints	  for	  the	  FCC	  and	  PCC	  methods	  described.	  
Additional	  variations	  of	  these	  methods	  are	  tested	  and	  detailed	  in	  Table	  7.1.	  
Note	   that	   the	   thickness	   of	   the	   area	   surrounding	   the	   thorax	   ellipse	   is	   set	   to	   5mm	   in	   the	  
kinematics	  optimisation	  to	  allow	  closer	  agreement	  with	  measured	  kinematics	  and	  to	  take	   into	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account	   the	  potentially	   large	   compression	  during	   these	  highly	   loaded	   tasks.	   The	   sensitivity	   to	  
this	  parameter	  will	  be	  discussed	  later.	  
	   	   	   	   	   	  
	   PCC	   PCC	  with	  con	   PCC	  no	  cf	   FCC	   FCC	  no	  con	  
Ellipse	  scaling	   Correction	  factor	   Correction	  factor	   Homogeneous	  based	  on	  height	  	   none	   none	  




homogeneous	  	   none	   none	  
TS	  and	  AI	  
constraint	   ≥	  ellipse	   ≥	  ellipse	   ≥	  ellipse	   =	  ellipse	   =	  ellipse	  
Conoid	  
constraint	   None	   fixed	  length	   none	   fixed	  length	   none	  
Table	  7.1:	  Details	  of	  the	  kinematics	  optimisation	  and	  scaling	  methods	  presented	  throughout	  this	  section.	  Correction	  
factor	  refers	  to	  the	  scaling	  method	  detailed	  in	  Section	  7.2.2.	  Homogeneous	  based	  on	  height	  refers	  to	  Equation	  7.1.	  
‘Segment	  homogeneous’	  refers	  to	  homogeneous	  scaling	  of	  each	  segment	  as	  detailed	  in	  Section	  7.2.3.	  
The	   conoid	   ligament	  was	  not	  used	  as	  a	   constraint	   in	   the	  PCC	  method,	  but	   it	  was	  assumed	   to	  
have	   a	   constant	   strain	   (10%)	   for	   the	   load-­‐sharing	   optimisation.	   This	   strain	  was	   based	   on	   the	  
value	  used	  in	  the	  published	  version	  of	  the	  NSM,	  where	  the	  value	  was	  justified	  by	  strains	  found	  
in	  the	  literature	  
The	  joint	  rotations	  tested	  are	  those	  presented	  in	  Chapter	  6	  for	  three	  types	  of	  pull-­‐up	  motion.	  
7.3.2 Muscle	  force	  sensitivity	  to	  scapula	  kinematics	  optimisation	  
The	  scapula	  has	  a	  large	  number	  of	  important	  muscle	  attachments	  for	  the	  actuation	  of	  the	  pull-­‐
up	   activity.	   Since	   the	  position	  of	   this	   bone	  will	   affect	   the	   ability	   of	   these	  muscles	   to	   perform	  
specific	   tasks	   it	  would	  be	  expected	  that	   there	   is	  a	  degree	  of	  sensitivity	   to	  the	  position.	  Model	  
sensitivity	   to	   scapula	   upward	   rotation	   has	   been	   shown	   to	   be	   significant	   in	   subjects	   with	   a	  
reverse	  prosthesis	  (Masjedi	  &	  Johnson,	  2011).	  A	  contrast	  between	  a	  static	  and	  a	  moving	  scapula	  
has	  also	  demonstrated	  a	  significant	  effect	  (Happee	  &	  Van	  der	  Helm,	  1995).	  Finally,	  modification	  
of	   a	   number	   of	   geometrical	   parameters	   affecting	   scapula	   kinematics	   changes	   have	   shown	   an	  
effect	  on	  calculated	  joint	  reaction	  forces	  (Charlton,	  2003).	  
7.3.2.a Methods	  
For	   the	   PCC	   method	   results	   are	   compared	   with	   and	   without	   the	   constraint	   that	   the	   conoid	  
ligament	   is	   a	   fixed	   length.	   A	   kinematics	   ratio:	   each	   rotation	   with	   the	   constraint	   over	   each	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rotation	  without	  the	  constraint,	  is	  calculated	  and	  the	  absolute	  value	  taken.	  The	  ratios	  are	  then	  
averaged	  for	  each	  time	  frame	  over	  the	  nine	  rotations	  that	  are	  affected	  by	  this	  constraint	  (SC,	  AC	  
and	  GH	  joints;	  Equation	  7.6).	  
kinematics  ratio = 19 ∙ 𝑥 + 𝑝 !𝑥!!!!! 	  
Equation	   7.4:	   kinematics	   ratio	   for	   calculation	   of	   muscle	   force	   sensitivity	   to	   scapula	   kinematics.	   x	   is	   the	   joint	  
kinematics	  without	  the	  constraint	  and	  (x+p)	  the	  joint	  kinematics	  with.	  i	  refers	  to	  each	  of	  the	  9	  joint	  rotations.	  
The	   force	   ratio,	  of	   each	  muscle	   force	  with	   the	   constraint	  over	  each	  muscle	   force	  without	   the	  
constraint,	  is	  then	  calculated	  and	  the	  absolute	  value	  taken	  (Equation	  7.5).	  
force  ratio! = 𝑉 𝑥 + 𝑝𝑉 𝑥 ! 	  
Equation	  7.5:	  force	  ratio	  for	  calculation	  of	  muscle	  force	  sensitivity	  to	  scapula	  kinematics	  in	  the	  ith	  muscle.	  V(x+p)	  is	  
the	  muscle	  force	  with	  the	  conoid	  constraint,	  V(x)	  is	  the	  force	  without.	  
The	   sensitivity	   ratio	   is	   then	   calculated	   for	   each	  muscle	   as	   the	   kinematics	   ratio	   over	   the	   force	  
ratio	  (Equation	  7.6).	  This	  value	  gives	  an	  indication	  of	  the	  relative	  change	  of	  the	  model	  outputs	  to	  
the	  model	  parameters	  and	  hence	  sensitivity.	  
sensitivity = kinematics  ratioforce  ration 	  
Equation	  7.6:	  Sensitivity	  ratio.	  Kinematic	  ratio	  defined	  in	  Equation	  7.4,	  and	  force	  ratio	  defined	  in	  Equation	  7.5.	  
In	  order	  to	  account	  for	  muscles	  that	  are	  not	  active	  a	  cut-­‐off	  force	  of	  40N	  was	  applied	  such	  that	  
muscles	  below	  this	  threshold	  were	  not	  considered	  for	  that	  time	  frame.	  The	  sensitivity	  ratio	  for	  
each	  muscle	  was	   then	   averaged	   across	   the	   eleven	   subjects	   and	   three	  motions	   and	   the	   inter-­‐
subject	  standard	  deviation	  calculated.	  
The	   kinematics	   and	  muscle	   forces	   are	   then	  presented	   for	   the	  median	   subject	   in	   terms	  of	   the	  
sensitivity	  ratio	  of	  the	  three	  most	  active	  muscles	  during	  the	  pull-­‐up:	  teres	  major,	  latissimus	  dorsi	  
and	  the	  posterior	  portion	  of	  deltoid.	  The	  complete	  methodology	  for	  calculation	  of	  muscle	  force	  
will	  be	  described	  in	  Section	  9.2.	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It	   should	   be	   noted	   that	   whilst	   the	   conoid	   ligament	   was	   not	   used	   as	   a	   constraint	   in	   the	   PCC	  
method	   it	  was	  assumed	  to	  have	  a	  constant	  strain	  (10%)	  for	  the	   load-­‐sharing	  optimisation.	  For	  
the	   case	   where	   the	   conoid	   ligament	   is	   included	   as	   a	   constraint	   its	   length	   is	   fixed	   and	   so	   a	  
constant	  strain	  is	  again	  applied	  (10%).	  Thus	  the	  only	  differences	  observed	  should	  be	  as	  a	  result	  
of	  different	  kinematics	  inputs.	  
7.4 Results	  
The	   FCC	   optimisation	   method	   (Table	   7.1)	   leads	   to	   solutions	   that	   were	   not	   continuous	   for	   a	  
number	  of	  subjects	   (Table	  7.2).	   It	  can	  be	  seen	  that	  a	  single	  subject	   (s5)	  provides	  a	  continuous	  
solution	  for	  all	  trials.	  The	  PCC	  optimization	  method	  (Table	  7.1)	  gives	  a	  continuous	  solution	  in	  all	  
trials	  (Table	  7.2).	  
	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
	  
Subject:	   s1	   s2	   s3	   s4	   s5	   s6	   s7	   s8	   s9	   s10	   s11	  
percentage	  continuous	   	  
FCC	   PCC	  
	  
Front	  
0	   0	   0	   0	   1	   0	   0	   0	   0	   1	   0	   	   	   	  
	   1	   0	   0	   0	   1	   0	   0	   0	   0	   1	   0	   	   	   	  
	   0	   0	   0	   0	   1	   0	   0	   0	   0	   1	   0	   21%	   100%	   	  
	  
Wide	  
1	   0	   0	   0	   1	   0	   0	   0	   1	   1	   0	   	   	   	  
	   1	   0	   0	   0	   1	   0	   0	   0	   1	   0	   0	   	   	   	  
	   1	   0	   0	   0	   1	   0	   0	   0	   0	   1	   0	   30%	   100%	   	  
	  
Reverse	  
1	   0	   0	   0	   1	   0	   0	   0	   1	   1	   0	   	   	   	  
	   1	   0	   0	   0	   1	   0	   0	   0	   0	   0	   0	   	   	   	  
	   0	   0	   0	   0	   1	   0	   0	   0	   0	   1	   0	   24%	   100%	   	  
Table	  7.2:	  Continuity	  of	  AC	  and	  SC	  joint	  rotations	  for	  three	  trials	  within	  3	  pull-­‐up	  motions	  across	  11	  subjects.	  The	  
results	  of	  the	  FCC	  optimisation	  method	  are	  shown	  with	  a	  summary	  of	  the	  results	  for	  the	  PCC	  optimisation	  method	  
included	  for	  comparison.	  1	  indicates	  continuous	  kinematics	  and	  0	  the	  presence	  of	  at	  least	  one	  discontinuity	  in	  the	  
joint	  rotations.	  
The	   differences	   between	   the	   measured	   scapula	   upward	   rotation	   and	   the	   model’s	   optimized	  
rotations	  are	  compared	  for	  Subjects	  s5	  and	  s10	  during	  the	  front	  motion	  using	  the	  FCC	  and	  PCC	  
methods	   (Figure	   7.3).	   The	   differences	   in	   the	   PCC	  method	   are	   smaller	   in	   both	   cases,	   and	   fall	  
within	  the	  measurement	  errors.	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The	  measurement	  errors	  are	  the	  average	  absolute	  differences	  across	  the	  motion	  between	  the	  
ST	  method	  and	  the	  Palpator	  measured	  in	  Chapter	  5	  plus	  three	  standard	  deviations.	  The	  use	  of	  
three	   standard	   deviations	   gives	   a	   conservative	   estimate	   of	   the	   measurement	   error	   that	  
incorporates	  almost	  all	  of	  the	  error	  data	  collected	  (approximately	  99.7%).	  Given	  the	   increased	  
range	  of	  motion	  as	  well	  as	   the	   increased	  speed	  and	   loading	  during	  the	  pull-­‐up	  motions	   it	  was	  
not	   appropriate	   to	   use	   the	   same	   error	   as	   calculated	   for	   slow	   dynamic	   abduction.	   The	   value	  
calculated	  in	  upward	  rotation	  was	  5.6°,	  close	  to	  the	  average	  RMS	  error	  of	  8.0°	  in	  the	  bone	  pin	  
study	  of	  Karduna	  et	  al.(2001).	  
	  
	  
Figure	  7.3:	  Difference	  between	  measured	  and	  optimised	  upward	  rotation	  of	  the	  scapula	  in	  the	  front	  motion	  using	  
the	  PCC	  method	  (dotted	  line)	  and	  the	  FCC	  method	  (solid	  line)	  for	  subject	  s5	  (black)	  and	  s10	  (grey).	  The	  error	  bars	  
shown	  are	  the	  standard	  deviation	  of	  the	  difference	  between	  the	  FCC	  and	  PCC.	  The	  pink	  band	  indicates	  the	  average	  
absolute	   error	   plus	   three	   standard	   deviations	   (note	   not	   RMS)	   found	   between	   the	   Scapula	   Tracker	   method	   and	  
Palpator	  in	  Chapter	  5.	  
The	  effect	  of	  different	  optimisation	  parameters	  are	  compared	  through	  the	  average	  differences	  
to	  measured	  rotations	  and	  the	  associated	  standard	  deviations	  (Table	  7.3).	  Table	  7.1	  details	  the	  
scaling	   and	  optimisation	  methods	  used	   in	   each	  of	   the	  presented	   cases.	   The	  PCC	  optimisation	  
method	   is	   seen	   to	   be	   the	   closest	   to	   the	  measured	   values,	   with	   only	   the	   FCC	  method	   falling	  
outside	   the	   measurement	   errors	   specified	   (Table	   7.3).	   The	   relative	   effects	   of	   the	   conoid	  
ligament	  constraint	  and	  the	  ellipse	  correction	  factor	  can	  also	  be	  seen.	  The	  effect	  of	  the	  conoid	  
ligament	  constraint	  is	  more	  significant	  on	  the	  clavicle	  rotations	  (Table	  7.4)	  where	  only	  the	  PCC	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The	  measurement	  errors	  assumed	  for	  the	  scapula	  rotations	  are	  determined	  as	  above.	  The	  value	  
calculated	  in	  upward	  rotation	  was	  5.6°,	  the	  value	  in	  internal	  rotation	  was	  5.8°	  (compared	  to	  4.2°	  
RMS	  error	   in	   (Karduna	  et	  al.,	  2001)	  and	   for	  posterior	   tilt	  4.9°	   (compared	   to	  4.7°	  RMS	  error	   in	  
(Karduna	  et	  al.,	  2001).	  However,	  the	  measurement	  error	  of	  clavicle	  rotations	  was	  not	  measured	  
in	  Chapter	  5	  and	  so	  the	  average	  RMS	  errors	  from	  a	  bone	  pin	  validation	  study	  are	  used	  (Karduna	  
et	  al.,	  2001).	  Although	  these	  values	  are	  not	  directly	  comparable	  they	  give	  a	  good	  indication	  of	  
the	  measurement	  error,	  taking	  into	  account	  the	  standard	  deviation	  to	  some	  extent	  through	  the	  
use	  of	  RMS	  errors.	  The	  values	  for	  the	  other	  rotations	  appear	  to	  agree	  with	  the	  order	  of	  these	  
RMS	  values	  as	  well.	  
	   	   	   	   	   	  
	  
PCC	   PCC	  with	  con	   PCC	  no	  cf	   FCC	   FCC	  no	  con	  
Front	  TILT	   0.9	  ±	  1.6	   1.7	  ±	  2.1	   2.6	  ±	  2.6	   7.8	  ±	  5.2	   1.0	  ±	  0.9	  
Front	  INT	   0.2	  ±	  0.3	   2.1	  ±	  1.4	   0.9	  ±	  0.9	   11.6	  ±	  6.6	   1.6	  ±	  1.3	  
Front	  UP	   0.5	  ±	  1.0	   1.4	  ±	  1.4	   1.5	  ±	  1.8	   10.4	  ±	  12.3	   1.5	  ±	  1.4	  
	   	   	   	   	   	  
Wide	  TILT	   1.0	  ±	  1.6	   1.9	  ±	  2.0	   2.8	  ±	  2.6	   7.4	  ±	  5.0	   1.1	  ±	  0.9	  
Wide	  INT	   0.3	  ±	  0.4	   1.9	  ±	  1.4	   1.1	  ±	  1.0	   11.7	  ±	  6.3	   1.5	  ±	  1.1	  
Wide	  UP	   0.7	  ±	  1.1	   1.2	  ±	  1.1	   1.8	  ±	  2.1	   8.0	  ±	  10.4	   1.3	  ±	  1.2	  
	   	   	   	   	   	  
Reverse	  TILT	   0.8	  ±	  1.6	   1.9	  ±	  2.2	   2.3	  ±	  2.7	   7.9	  ±	  5.3	   1.0	  ±	  0.7	  
Reverse	  INT	   0.2	  ±	  0.5	   1.9	  ±	  1.4	   1.0	  ±	  1.1	   11.6	  ±	  6.3	   1.5	  ±	  1.0	  
Reverse	  UP	   0.5	  ±	  1.0	   1.1	  ±	  1.1	   1.3	  ±	  1.8	   8.8	  ±	  10.9	   1.1	  ±	  1.0	  
Table	   7.3:	   Average	   scapulothoracic	   difference	   and	   standard	   deviations	   (SD)	   to	  measured	   kinematics	   for	   various	  
scaling	  and	  kinematics	  optimisation	  strategies	  (see	  Table	  7.1).	  Values	  in	  italics	  fall	  within	  the	  average	  absolute	  error	  




	   	   	   	   	   	  
	  
PCC	   PCC	  with	  con	   PCC	  no	  cf	   FCC	   FCC	  no	  con	  
Front	  PRO	   0.6	  ±	  1.3	   4.4	  ±	  3.0	   2.3	  ±	  2.7	   11.2	  ±	  6.5	   3.2	  ±	  2.7	  
Front	  UP	   0.9	  ±	  1.6	   4.2	  ±	  2.9	   2.3	  ±	  2.8	   15.1	  ±	  8.6	   3.5	  ±	  2.9	  
	   	   	   	   	   	  
Wide	  PRO	   0.9	  ±	  1.4	   3.7	  ±	  2.5	   2.7	  ±	  3.1	   10.2	  ±	  6.4	   3.0	  ±	  2.1	  
Wide	  UP	   1.0	  ±	  1.7	   4.4	  ±	  3.1	   2.5	  ±	  2.9	   14.6	  ±	  8.3	   3.9	  ±	  2.9	  
	   	   	   	   	   	  
Reverse	  PRO	   0.6	  ±	  1.1	   4.1	  ±	  3.2	   2.0	  ±	  2.2	   9.8	  ±	  6.0	   2.9	  ±	  2.1	  
Reverse	  UP	   0.9	  ±	  1.9	   4.2	  ±	  3.1	   2.1	  ±	  2.9	   15.5	  ±	  8.5	   3.5	  ±	  2.3	  
Table	  7.4:	  Average	  clavicle	  rotation	  differences	  and	  standard	  deviations	  to	  measured	  kinematics	  for	  various	  scaling	  
and	  kinematics	  optimisation	  strategies	  (see	  Table	  7.1).	  Values	   in	   italics	  fall	  within	  the	  average	  RMS	  measurement	  
errors	  found	  for	  the	  Scapula	  Tracker	  in	  a	  bone	  pin	  validation	  study	  (Karduna	  et	  al.,	  2001).	  	  
The	   effect	   of	   the	   different	   optimisation	   parameters	   on	   the	   continuity	   of	   the	   joint	   rotation	  
solution	  is	  shown	  to	  be	  small	  in	  all	  cases	  other	  than	  the	  FCC	  method	  (Table	  7.5).	  
	   	   	   	   	   	   	   	  
	  
	  
PCC	   PCC	  con	   PCC	  no	  cf	   FCC	   FCC	  no	  con	   	  
	   Front	   100%	   97%	   100%	   21%	   91%	   	  
	   Wide	   100%	   97%	   100%	   30%	   94%	   	  
	   Reverse	   100%	   100%	   100%	   24%	   97%	   	  
Table	   7.5:	   Percentage	   of	   solutions	   which	   are	   continuous	   for	   the	   AC	   and	   SC	   joint	   rotations	   during	   three	   pull-­‐up	  
motions	  across	  eleven	  subjects.	  The	  details	  of	  the	  optimisation	  methods	  are	  shown	  in	  Table	  7.1.	  
The	  differences	  between	  the	  measured	  scapulothoracic	  rotations	  and	  those	  found	  with	  the	  PCC	  
optimisation	  method	  are	  shown	  to	  be	   low	   in	  most	  cases	  during	   the	   front	  motion	   (Figure	  7.4).	  
One	   subject	   shows	   differences	   in	   posterior	   tilt	   of	   up	   to	   8°	   which	   exceeds	   the	  measurement	  
errors	  described	  above	  (4.9°).	  Three	  subjects	  show	  differences	  in	  upward	  rotation	  of	  above	  3°,	  
but	   still	  within	  measurement	   errors	   (5.6°).	   The	   distance	   between	   the	   bony	   landmarks	   on	   the	  
medial	  border	  of	  the	  scapula	  and	  the	  ellipse	  representing	  the	  STGP	  are	  then	  shown	  to	  be	  of	  a	  
similar	  order	   to	   the	   resting	  distance	  of	   these	   landmarks	   (Figure	  7.5).	   The	  TS	  distance	   is	  up	   to	  
twice	  the	  distance	  in	  some	  cases.	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Figure	   7.4:	   Difference	   between	   the	   measured	   scapulothoracic	   (ST)	   rotations	   and	   those	   found	   with	   the	   PCC	  
optimisation	  for	  all	  eleven	  subjects	  during	  the	  front	  motion.	  Positive	  difference	  indicates	  a	  negative	  change	  in	  joint	  
rotation	  after	  optimisation.	  The	  average	  difference	   is	  shown	  with	  the	  thick	  black	   line.	  Subjects	  are	   labelled	  when	  

















































































Figure	  7.5:	  Modelled	  separation	  between	  ellipse	  representing	  the	  STGP	  and	  the	  (a)	  Inferior	  angle	  of	  the	  scapula	  and	  
(b)	  the	  trigonum	  spinae	  during	  the	  front	  motion.	  The	  measured	  distances	  at	  a	  position	  of	  rest,	  with	  the	  arms	  by	  the	  
side	  and	  no	  load	  on	  the	  hands	  is	  shown	  for	  both	  landmarks.	  
The	  differences	  between	  the	  measured	  scapulothoracic	  rotations	  and	  those	  found	  with	  the	  PCC	  
optimisation	  method	  are	  shown	  to	  be	  low	  in	  the	  wide	  motion,	  but	  slightly	  higher	  than	  the	  front	  
motion	   (Figure	  7.6).	   Three	   subjects	   show	  differences	   in	  posterior	   tilt	   above	   the	  measurement	  
errors	  of	  4.9°.	  One	  of	  these	  also	  exceeds	  the	  measurement	  errors	  of	  5.6°	  at	  the	  very	  start	  of	  the	  
motion	   in	   upward	   rotation	   (Figure	   7.6).	   As	   with	   the	   front	   motion	   a	   consistent	   pattern	   of	  
underestimation	   is	   shown	   compared	   to	   the	   measured	   angles	   in	   posterior	   tilt.	   The	   distance	  
between	  the	  bony	  landmarks	  on	  the	  medial	  border	  of	  the	  scapula	  and	  the	  ellipse	  representing	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Figure	   7.6:	   Difference	   between	   the	   measured	   scapulothoracic	   (ST)	   rotations	   and	   those	   found	   with	   the	   PCC	  
optimisation	  for	  all	  eleven	  subjects	  during	  the	  wide	  motion.	  Positive	  difference	  indicates	  a	  negative	  change	  in	  joint	  
rotation	  after	  optimisation.	  The	  average	  difference	   is	  shown	  with	  the	  thick	  black	   line.	  Subjects	  are	   labelled	  when	  




















































































Figure	  7.7:	  Modelled	  separation	  between	  ellipse	  representing	  the	  STGP	  and	  the	  (a)	  Inferior	  angle	  of	  the	  scapula	  and	  
(b)	  the	  trigonum	  spinae	  during	  the	  wide	  motion.	  The	  measured	  distances	  at	  a	  position	  of	  rest,	  with	  the	  arms	  by	  the	  
side	  and	  no	  load	  on	  the	  hands	  is	  shown	  for	  both	  landmarks.	  
The	  differences	  between	  the	  measured	  scapulothoracic	  rotations	  and	  those	  found	  with	  the	  PCC	  
optimisation	  method	  are	  shown	  to	  be	  similar	   to	  the	  other	  motions	  during	  the	  reverse	  motion	  
(Figure	  7.8).	  Three	  subjects	  shows	  differences	  in	  posterior	  tilt	  above	  the	  measurement	  errors	  of	  
4.9°.	  One	  of	  these	  also	  exceeds	  the	  measurement	  errors	  of	  5.6°	  in	  upward	  rotation.	  A	  consistent	  
pattern	  of	  underestimation	  is	  again	  shown	  as	  compared	  to	  the	  measured	  rotations	  in	  posterior	  
tilt.	   The	   distance	   between	   the	   bony	   landmarks	   on	   the	  medial	   border	   of	   the	   scapula	   and	   the	  
ellipse	  representing	  the	  STGP	  are	  again	  shown	  to	  be	  of	  a	  similar	  order	  to	  the	  resting	  distance	  of	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Figure	   7.8:	   Difference	   between	   the	   measured	   scapulothoracic	   (ST)	   rotations	   and	   those	   found	   with	   the	   PCC	  
optimisation	   for	  all	  eleven	  subjects	  during	   the	   reverse	  motion.	  Positive	  difference	   indicates	  a	  negative	  change	   in	  
joint	   rotation	  after	  optimisation.	   The	  average	  difference	   is	   shown	  with	   the	   thick	  black	   line.	   Subjects	   are	   labelled	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Figure	  7.9:	  Modelled	  separation	  between	  ellipse	  representing	  the	  STGP	  and	  the	  (a)	  Inferior	  angle	  of	  the	  scapula	  and	  
(b)	  the	  trigonum	  spinae	  during	  the	  Reverse	  motion.	  The	  measured	  distances	  at	  a	  position	  of	  rest,	  with	  the	  arms	  by	  
the	  side	  and	  no	  load	  on	  the	  hands	  is	  shown	  for	  both	  landmarks.	  
7.4.1 Sensitivity	  
The	   sensitivity	   ratio	   (section	   7.3.2.a)	   is	   above	   0.8	   in	   most	   cases	   for	   six	   key	   muscles	   in	   the	  
activation	   of	   the	   pull-­‐up	  motion	   (Table	   7.6).	   This	   indicates	   a	  medium	   level	   of	   sensitivity.	   The	  
inter-­‐subject	  variation	  in	  this	  parameter,	  averaged	  over	  all	  time	  frames,	  is	  about	  25%	  while	  the	  
variation	  of	  the	  average	  across	  the	  time	  frames	  is	  considerably	  smaller	  ranging	  from	  6%	  to	  22%	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Front	   Wide	   Reverse	  
	   S	  ratio	   Inter-­‐S	  SD	   S	  ratio	   Inter-­‐S	  SD	   S	  ratio	   Inter-­‐S	  SD	  
LD	   0.85	  ±	  0.06	   0.21	   0.89	  ±	  0.08	   0.20	   0.85	  ±	  0.05	   0.22	  
DeltP	   0.83	  ±	  0.09	   0.26	   0.69	  ±	  0.15	   0.25	   0.88	  ±	  0.06	   0.25	  
T.min	   0.81	  ±	  0.06	   0.24	   0.79	  ±	  0.11	   0.22	   0.88	  ±	  0.09	   0.19	  
T.maj	   0.84	  ±	  0.17	   0.19	   0.86	  ±	  0.07	   0.19	   0.93	  ±	  0.12	   0.21	  
SS	   0.82	  ±	  0.13	   0.24	   N/A	   N/A	   0.91	  ±	  0.10	   0.22	  
IS	   0.75	  ±	  0.04	   0.29	   0.80	  ±	  0.09	   0.24	   0.85	  ±	  0.07	   0.23	  
Table	  7.6:	  Sensitivity	  ratio	  of	  six	  muscles:	  Latissimus	  dorsi	  (LD),	  Posterior	  portion	  of	  the	  deltoid	  (DeltP),	  Teres	  minor	  
(T.min),	  Teres	  Major	  (T.maj),	  Supraspinatus	  (SS)	  and	  Infraspinatus	  (IS).	  
The	  muscle	  forces	  calculated	  with	  the	  PCC	  method’s	  kinematics	  optimisation	  without	  the	  conoid	  
ligament	  constraint	  are	  presented	  for	   three	  pull-­‐up	  motions	   (Figures	  7.10a,	  7.12a	  7.14a),	  with	  
the	   difference	   induced	   by	   the	   introduction	   of	   the	   conoid	   ligament	   constraint	   (Figures	   7.10b,	  
7.12b	   7.14b).	   The	   subject	   presented	   for	   each	  motion	  was	   the	  median	   subject	   in	   that	   pull-­‐up	  
activity	  based	  on	  the	  sensitivity	  ratios	  (Table	  7.6).	  The	  relevant	  joint	  rotations	  are	  also	  presented	  
below	  these	  graphs	   to	   illustrate	   the	   influence	  of	   the	  altered	  kinematics	  on	   the	  muscle	   forces,	  
and	  hence	  the	  sensitivity	  (Figures	  7.11,	  7.13	  and	  7.15).	  
The	  differences	  shown	  in	  the	  Front	  motion	  are	  for	  five	  muscles	  crossing	  the	  glenohumeral	  joint	  
in	   Subject	   s10	   (Figure	   7.10).	   The	   latissimus	   dorsi	   activation	   remained	   very	   similar	   in	   the	   two	  
cases,	  and	  is	  not	  shown.	  A	  significant	  increase	  in	  the	  activation	  of	  the	  teres	  major	  can	  be	  seen	  at	  
the	   start	   of	   the	   motion	   with	   the	   conoid	   constraint.	   There	   is	   also	   a	   notable	   increase	   in	   the	  
supraspinatus	  activation	  through	  the	  middle	  of	  the	  motion	  that	  seems	  to	  be	  counteracted	  with	  





Figure	   7.10:	   (a)	  Muscle	   forces	   during	   the	   front	   pull-­‐up	   in	   the	  median	   subject	   in	   terms	   of	   sensitivity	   and	   (b)	   the	  
difference	  in	  muscle	  force	  when	  the	  conoid	  ligament	  length	  constraint	  was	  introduced.	  Positive	  differences	  indicate	  
an	  increase	  with	  the	  conoid	  constraint.	  	  
The	   changes	   observed	   in	  muscle	   forces	   in	   Figure	   7.10	   are	   associated	  with	   increased	   internal	  
rotation,	  a	  more	  coronal	  plane	  of	  elevation	  and	  a	   slightly	  higher	  abduction	  pattern	   in	   the	  GH	  
joint	   rotations	   (Figure	   7.11).	   The	   clavicle	   is	   also	   considerably	   more	   upwardly	   rotated	   and	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Figure	  7.11:	  (a)	  Glenohumeral	  (GH)	  and	  sternoclavicular	  (SC)	  joint	  rotations	  during	  the	  front	  pull-­‐up	  in	  the	  median	  
subject	   in	  terms	  of	  sensitivity	  and	  (b)	  the	  difference	   in	  rotations	  when	  the	  conoid	   ligament	   length	  constraint	  was	  
introduced.	  Positive	  differences	  indicate	  a	  more	  positive	  rotation	  with	  the	  conoid	  constraint.	  Black	  dashes	  indicate	  
GH	   plane	   of	   elevation	   (or	   flexion;	   positive),	   the	   black	   line	   shows	   GH	   internal	   rotation	   (positive),	   black	   dots	   GH	  
adduction	  (positive),	  the	  red	  line	  SC	  protraction	  (positive)	  and	  red	  dashes	  SC	  upward	  rotation	  (positive).	  
The	  differences	  seen	  in	  the	  Wide	  motion	  for	  Subject	  s5	  are	  smaller	  than	  in	  the	  median	  subject	  
during	   the	   front	   pull-­‐up,	   with	   differences	   coming	   at	   the	   beginning	   of	   the	  motion	   (latissimus	  
dorsi)	  and	  in	  the	  second	  half	  of	  the	  motion	  (GH	  muscles;	  Figure	  7.12a).	  Less	  internal	  rotation	  of	  
the	  scapula	  relative	  to	  the	  thorax	  seems	  to	  have	  had	  the	  effect	  of	  reducing	  the	  latissimus	  dorsi	  
force	  (Figure	  7.12a-­‐b).	  This	  change	  in	  rotation	  is	  associated	  with	  increased	  horizontal	  flexion	  of	  
the	   humerus	   relative	   to	   the	   scapula	   (Figure	   7.13b-­‐c).	   The	   GH	   rotations	   with	   the	   conoid	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Figure	   7.12:	   (a)	  Muscle	   forces	   during	   the	  wide	   pull-­‐up	   in	   the	  median	   subject	   in	   terms	   of	   sensitivity	   and	   (b)	   the	  
difference	  in	  muscle	  force	  when	  the	  conoid	  ligament	  length	  constraint	  was	  introduced.	  Positive	  differences	  indicate	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Figure	  7.13:	  (a)	  Glenohumeral	  (GH)	  and	  scapulothoracic	  (ST)	  joint	  rotations	  during	  the	  wide	  pull-­‐up	  in	  the	  median	  
subject	   in	   terms	  of	   sensitivity.	   (b)	  The	  difference	   in	  GH	  rotations	  and	   (c)	   the	  difference	   in	  ST	   rotations	  when	   the	  
conoid	   ligament	   length	   constraint	   was	   introduced.	   Positive	   differences	   indicate	   an	   increase	   with	   the	   conoid	  
constraint.	   Black	   dashes	   indicate	   plane	   of	   elevation	   (or	   flexion;	   positive),	   black	   line	   shows	   internal	   rotation	  
(positive)	  and	  the	  grey	  line	  adduction	  (positive).	  Red	  dashes	  indicate	  posterior	  tilt	  of	  the	  scapula	  (positive),	  the	  red	  
lines	  show	  internal	  rotation	  (positive)	  and	  the	  pink	  lines	  upward	  rotation	  (positive).	  
The	   muscle	   forces	   in	   the	   reverse	   motion	   show	   a	   significant	   effect	   from	   different	   kinematics	  
resulting	  from	  the	  change	  of	  optimisation	  constraints	  (Figure	  7.15a).	  The	  key	  differences	  seem	  
to	  be	  a	  different	  pattern	  of	  internal/external	  rotation	  of	  the	  scapula	  relative	  to	  the	  thorax	  and	  a	  













































Figure	  7.14:	   (a)	  Muscle	  forces	  during	  the	  reverse	  pull-­‐up	   in	  the	  median	  subject	   in	  terms	  of	  sensitivity	  and	  (b)	  the	  
difference	  in	  muscle	  force	  when	  the	  conoid	  ligament	  length	  constraint	  was	  introduced.	  Positive	  differences	  indicate	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Figure	  7.15:	  (a)	  Glenohumeral	  (GH)	  and	  scapulothoracic	  (ST)	  joint	  rotations	  during	  the	  reverse	  pull-­‐up	  in	  the	  median	  
subject	   in	   terms	  of	   sensitivity.	   (b)	  The	  difference	   in	  GH	  rotations	  and	   (c)	   the	  difference	   in	  ST	   rotations	  when	   the	  
conoid	   ligament	   length	   constraint	   was	   introduced.	   Positive	   differences	   indicate	   an	   increase	   with	   the	   conoid	  
constraint.	   Black	   dashes	   indicate	   plane	   of	   elevation	   (or	   flexion;	   positive),	   black	   line	   shows	   internal	   rotation	  
(positive)	  and	  the	  grey	  line	  adduction	  (positive).	  Red	  dashes	  indicate	  posterior	  tilt	  of	  the	  scapula	  (positive),	  red	  lines	  
show	  internal	  rotation	  (positive)	  and	  the	  pink	  lines	  upward	  rotation	  (positive).	  
7.5 Discussion	  
7.5.1 FCC	  method	  
The	   problems	   associated	   with	   using	   a	   FCC	   optimisation	   method	   have	   been	   presented.	   The	  
primary	  drawback	  with	  application	  to	  the	  movements	  studied	  here	  is	  that	  a	  continuous	  solution	  
cannot	  be	  found	  for	  the	  majority	  of	  trials	  (Table	  7.2).	  Inverse	  dynamics	  analysis	  is	  not	  possible	  in	  




















































This	  problem	  may	  be	  exaggerated	  by	  a	  failure	  of	  the	  optimisation	  routine	  to	  reach	  the	  optimal	  
solution	   in	  all	   frames	  and	  so	  the	  solution	  could	  be	   jumping	  between	  two	  solution	  spaces.	  The	  
optimisation	   routine	   used	   here	   was	   the	   built-­‐in	   MATLAB	   (MathWorks,	   Natick,	   USA)	   function	  
called	  fmincon	  using	  the	  sequential	  quadratic	  programming	  (sqp)	  algorithm;	  this	  was	  run	  with	  
the	  measured	  joint	  rotations	  as	  a	  starting	  point.	  A	  modification	  of	  the	  optimiser’s	  starting	  point	  
was	  tested	  in	  an	  attempt	  to	  reduce	  this	  discontinuity	  problem.	  This	  was	  suggested	  as	  a	  cause	  for	  
the	  same	  problem	  by	  the	  authors	  of	  the	  updated	  DSEM	  model	  (based	  on	  (Nikooyan,	  2012).	  For	  
the	  first	  frame	  of	  the	  trial	  a	  set	  of	  joint	  rotations	  was	  created	  based	  on	  a	  random	  offset	  (within	  
±22.5°	  of	  measured	  values),	  which	  was	  used	  as	  the	  starting	  point	  to	  the	  optimiser.	  The	  resulting	  
objective	  function	  value	  (Equation	  7.3)	  was	  recorded	  and	  this	  process	  was	  repeated	  300	  times.	  
Its	  lowest	  value	  was	  then	  found	  and	  the	  corresponding	  joint	  rotations	  were	  used	  as	  the	  starting	  
point	   for	   the	  optimisation	  of	   the	   first	   frame’s	  kinematics.	  For	   the	   rest	  of	   the	  motion	   the	   joint	  
rotations	  from	  the	  previous	  frame	  were	  used	  as	  the	  starting	  point	  for	  the	  optimiser.	  
The	   results	   show	   some	   improvement	   in	   the	   number	   of	   continuous	   solutions	   but	   the	  
improvement	   is	  marginal	   (Table	  7.7).	  The	   inclusion	  of	  an	  optimisation	  penalty	  associated	  with	  
moving	  away	   from	  the	  previous	   solution	  was	  also	  attempted	  as	  a	  crude	  control	  on	  continuity	  
but	   the	   improvements	   were	   insignificant.	   It	   seems	   therefore	   that	   there	   may	   be	   an	   inherent	  
problem	  in	  applying	  the	  FCC	  optimisation	  to	  these	  types	  of	  activities.	  
	   	   	   	   	   	   	  
	  
	   FCC	   FCC	  no	  con	  
FCC	  
(optimal)	  
FCC	  no	  con	  
(optimal)	  
	  
	   Front	   21%	   91%	   24%	   91%	   	  
	   Wide	   30%	   94%	   30%	   100%	   	  
	   Reverse	   24%	   97%	   30%	   97%	   	  
Table	   7.7:	   Percentage	   of	   trials	   with	   continuous	   solution	   using	   original	   and	   new	   (Nikooyan,	   2012)	   optimisation	  
procedures.	  
7.5.2 Scaling	  
The	  advantage	  of	  applying	  no	  scaling	  is	  that	  the	  coherence	  and	  validity	  of	  the	  original	  data	  set	  is	  
maintained.	  Parameters	  such	  as	  the	  muscle	  insertions	  and	  their	  associated	  muscle	  parameters	  
(for	  example	  optimal	   fibre	   length)	   therefore	   fit	   the	  geometry	  of	   the	  model.	  Other	  parameters	  
like	   the	   shape	   of	   the	   scapula	   in	   relation	   to	   the	   thorax	   and	   clavicle	   geometries	   will	   also	   be	  
maintained	   and	   are	   potentially	   important.	   The	   constraint	   in	   the	   FCC	  method	   that	   the	  medial	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border	   of	   the	   scapula	   lays	   on	   the	   STGP	   ellipse	   guarantees	   that	   the	   separation	   of	   the	   two	   is	  
physiologically	  realistic,	   if	  not	  necessarily	  correct.	  The	  effect	  of	  removing	  this	  constraint	   in	  the	  
PCC	  method	  will	  be	  discussed.	  
It	  should	  be	  noted	  that	  if	  parameters	  like	  muscle	  insertions	  do	  not	  scale	  linearly	  with	  segment	  
length	  (Murray,	  Buchanan	  &	  Delp,	  2002)	  then	  the	  use	  of	  an	  un-­‐scaled	  model	  is	  not	  necessarily	  
more	   valid	   since	   there	   is	   still	   an	   inherent	   assumption	   that	   the	  musculature	   of	   the	  measured	  
subject	  will	  be	  equivalent	  to	  the	  model.	  However,	  it	  could	  be	  viewed	  that	  a	  simulation	  using	  an	  
un-­‐scaled	  model	   is	   a	   representation	   of	   how	   that	  model	  would	   actuate	   the	  movement	   rather	  
than	  trying	  to	  predict	  the	  subject-­‐specific	  muscle	  forces.	  
The	  advantage	  of	  the	  scaling	  applied	  in	  the	  PCC	  method	  (Table	  7.1)	  is	  that	  it	  takes	  into	  account	  
subjects’	   geometry,	  which	  may	  have	  different	   proportions	   to	   that	   of	   the	  model.	   For	   example	  
lengthening	  of	   the	  humerus	  by	  10%	  would	   lead	   to	  a	  15%	   increase	   in	   the	  moments	  at	   the	  GH	  
joint	  in	  a	  very	  simple	  2D	  case	  (Figure	  7.16).	  
In	  a	  limited	  sample	  of	  two	  subjects	  uniform	  homogeneous	  scaling	  has	  been	  shown	  to	  improve	  
joint	   force	   agreement	   with	   an	   instrumented	   implant,	   especially	   during	   dynamic	   activities	  
(Nikooyan	  et	  al.,	  2010).	  
	  
Figure	  7.16:	  2D	  example	  of	  the	  effect	  of	  a	  humerus	  10%	  larger	  than	  the	  model	  length	  (LH).	  The	  moment	  around	  the	  
GH	  joint	  is	  shown	  to	  be	  15%	  larger.	  
Since	  the	  model	  simulations	  presented	  here	  do	  not	  use	  a	  Hill-­‐type	  muscle	  model	  there	  are	  less	  


















required	   for	   a	  muscle	  model	   (Redl,	  Gfoehler	  &	  Pandy,	  2007,	   Scovil	  &	  Ronsky,	  2006,	  Charlton,	  
2003)	   has	   been	   discussed	   as	   the	   reason	   for	   the	   exclusion	   of	   this	   type	   of	  model	   (Chapter	   5).	  
There	   is	   considered	   to	   be	   inadequate	   certainty	   about	   the	   muscle	   parameters	   required	   to	  
implement	  a	  force-­‐length	  relationship	   in	  particular	  (Charlton,	  2003).	  A	  study	  into	  gait	  suggests	  
that	  the	  solutions	  with	  and	  without	  activation	  and	  excitation	  dynamics	  are	  practically	  equivalent	  
(Anderson	  &	  Pandy,	  2001).	  Note	   that	   the	   joint	  velocities	  are	  similar	   in	  gait	   (around	  180°/s)	  as	  
compared	  to	  pull-­‐ups	  (around	  150°/s).	  Inclusion	  of	  this	  type	  of	  dynamics	  did	  not	  allow	  a	  solution	  
to	   be	   reached	   in	   this	   model,	   although	   the	   necessity	   for	   higher	   muscle	   bounds	   (discussed	   in	  
Section	   8.5)	   was	   not	   included	   and	   may	   complicate	   the	   calculation	   of	   the	   muscle	   dynamics	  
bounds.	  
7.5.2.a Scapula	  
The	  limited	  number	  of	  landmarks	  available	  to	  determine	  the	  depth	  of	  the	  scapula	  was	  discussed	  
(section	  7.2.1;	  Figure	  7.1).	  If	  the	  distance	  between	  AC	  and	  AA	  was	  used	  to	  scale	  the	  positions	  of	  
muscle	   attachment	   sites	   then	   these	   and	   the	   resulting	   moment	   arms	   could	   be	   distorted;	  
particularly	   in	   areas	   like	   the	   coracoid	   process	   and	   the	   superior	   angle	   (Figure	   7.17).	   This	  may	  
result	   from	   the	   relatively	   high	   shape	   variability	   in	   the	   acromion	   process	   (Krobot,	   Janura	   &	  
Elfmark,	   2009,	  MacGillivray	   et	   al.,	   1998).	  With	   a	   reported	   range	   of	   acromion	   length	   of	   4.5	   –	  
7.75cm	   across	   a	   sample	   of	   200	   dry	   scapula	   bones	   (Edelson	   &	   Taitz,	   1992)	   the	   length	   of	   the	  
structure	  is	  also	  highly	  variable.	  	  
The	  distance	  between	  AA	  and	  AC	  was	  compared	  to	  the	  same	  distance	  in	  the	  VH	  dataset	  (used	  as	  
the	  basis	  for	  the	  NSM).	  The	  scaling	  factor	  was	  calculated	  as	  up	  to	  1.75	  times	  the	  depth	  of	  the	  
visible	  human	  while	  scaling	  factors	  in	  the	  plane	  of	  the	  scapula	  were	  close	  to	  1.	  When	  applied	  to	  
the	  bony	   geometry	   the	   resulting	   shape	   is	   highly	  distorted	  and	  unrealistic	   (Figure	  7.17).	   There	  
may	   also	   be	   significant	   distortions	   of	   ligament	   attachments	   that	  may	   have	   a	  more	   profound	  
effect	  than	  that	  on	  muscles.	  
The	  VH	  acromion	  is	  small	  with	  a	  distance	  from	  AA	  to	  AC	  of	  3.2cm,	  making	  this	  issue	  particularly	  
pertinent	  in	  the	  NSM.	  
A	  solution	  to	  this	  problem,	  as	  with	  many	  other	  subject-­‐specific	  modelling	  challenges,	  could	  be	  
the	  use	  of	  imaging	  techniques	  (for	  example	  MRI;	  Holzbaur	  et	  al.,	  2007b,	  Holzbaur	  et	  al.,	  2007a).	  
These	  methods	  could	  be	  used	  to	  capture	  both	  the	  shape	  of	  the	  bone,	  relevant	  in	  the	  kinematics	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optimisation,	  and	  to	  define	  the	  muscle	  insertions.	  The	  drawbacks	  to	  the	  methods	  are	  the	  large	  
amount	   of	   time	   and	   money	   required	   to	   perform	   these	   techniques	   on	   individual	   subjects.	   A	  
clearer	  understanding	  of	  the	  shape	  variations	  in	  this	  bone	  and	  the	  way	  muscle	  attachments	  vary	  
is	  an	  important	  first	  step.	  More	  complex	  scaling	  mechanisms	  like	  statistical	  shape	  modelling	  may	  
be	  able	   to	   improve	   the	   scaling	  of	   this	  bone	   (Yang,	  Rueckert	  &	  Bull,	  2008),	  although	  again	   the	  
limited	  number	  of	  palpatable	  points	  may	  be	  an	  obstacle.	  
	  	  	  	  	  	  	  	  	  	  	   	  	  
Figure	  7.17:	  (a)	  Scapula	  and	  humerus	  of	  the	  visible	  human	  with	  no	  scaling.	  (b)	  Distorted	  scapula	  shape	  with	  a	  depth	  
scaling	   factor	   of	   1.75.	   All	   other	   dimensions	   use	   no	   scaling	   factor	   (i.e.	   factor	   of	   1).	   The	   posterior	   portion	   of	   the	  
deltoid	  and	  the	  short	  head	  of	  the	  biceps	  are	  shown.	  
7.5.2.b STGP	  ellipse	  
The	   problems	   associated	   with	   defining	   an	   ellipse	   with	   standard	  marker	   data	   sets	   have	   been	  
discussed	  (Section	  7.2.2;	  Figure	  7.2).	  The	  aim	  of	  the	  scaling	  method	  presented	  was	  then	  to	  use	  
simple	  measures	   to	  define	   a	   shape	   for	   the	  ellipse	   that	   allowed	   close	   agreement	  with	   scapula	  
kinematics	   whilst	   maintaining	   a	   physiological	   model.	   The	   improvements	   in	   the	   average	  
differences	  with	  measured	  rotations	  are	  good	  compared	  to	  homogeneous	  scaling	  of	  the	  ellipse,	  
particularly	   for	   the	  clavicle	  rotations	   (Tables	  7.3	  and	  7.4).	  There	  are	  also	   improvements	   in	   the	  
variability	  of	  the	  differences.	  The	  order	  of	  the	  kinematic	  changes	  is	  similar	  to	  the	  effect	  of	  the	  
conoid	   ligament	  constraint	  and	  as	   such	   the	  magnitude	  of	   the	  effect	  on	  muscle	   forces	  may	  be	  
similar	  to	  those	  presented	  (Figures	  7.10,7.12	  and	  7.14).	  
Imaging	  techniques	  are	  again	  the	  best	  way	  to	  define	  the	  shape	  of	  the	  ellipse,	  and	  these	  methods	  
are	  used	  to	  define	  a	  model’s	  geometries	  (Charlton,	  2003,	  Garner	  &	  Pandy,	  2001,	  Klein	  Breteler,	  
Spoor	  &	  Van	  der	  Helm,	  1999).	  This	  is	  not	  feasible	  for	  the	  general	  application	  of	  a	  subject-­‐specific	  
a	   b	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model.	  Other	  methods	   include	   scaling	  based	  on	   simple	   landmarks,	   homogeneous	   scaling	  or	   a	  
cluster	  of	  points.	  The	  use	  of	  a	  single	  ellipse	  (van	  der	  Helm,	  1994b)	  to	  define	  the	  thorax	  is	  more	  
suited	  to	  marker-­‐based	  scaling,	  but	  the	  drawback	  in	  all	  these	  methods	  is	  that	  they	  do	  not	  access	  
the	   area	  of	   interest	   under	   the	   scapula.	  Additionally	   the	   assumption	  of	   an	  ellipse	   that	   tries	   to	  
represent	  the	  whole	  thorax	  seems	  questionable,	  with	  the	  rib	  cage	  often	  representing	  more	  of	  a	  
barrel	  shape	  (Figure	  7.18).	  
	   	  
Figure	  7.18:	  Thorax	  shape	  (Anatomy.tv,	  2006).	  
An	  attempt	  was	  made	  to	  fit	  the	  STGP	  ellipsoid	  to	  the	  measured	  positions	  of	  the	  TS	  and	  AI	  using	  
an	  ellipse	  fitting	  algorithm	  and	  optimisation	  techniques.	  However,	  these	  points	  did	  not	  provide	  
enough	   constraint	   in	   the	   superior/inferior	   or	  medial/lateral	   directions,	   resulting	   in	   a	   very	   tall	  
and	  wide	  ellipsoid.	   This	   is	  why	   the	   agreement	  with	   these	  measured	  points	   is	   not	   used	   in	   the	  
optimisation	  of	  the	  ellipse	  parameters	  but	  rather	  as	  a	  constraint	  (Equation	  7.2).	  Since	  the	  scaling	  
of	  the	  whole	  thorax	  and	  thus	  the	  muscle	  insertions	  is	  based	  on	  this	  optimisation	  it	  is	  sensible	  to	  
maintain	  agreement	  with	  the	  homogeneously	  scaled	  thorax.	  This	   inability	  to	  fit	  an	  ellipse	  may	  
imply	  that	  the	  scapula	  is	  not	  following	  a	  neat	  ellipsoidal	  path	  that	  matches	  the	  thorax.	  
The	  method	  presented	  here	  (Section	  7.2.2.a)	  utilises	  measurements	  in	  the	  area	  of	  the	  STGP	  and	  
can	  thus	  be	  a	  valuable	  tool	  for	  defining	  the	  boundaries	  of	  this	  functional	  joint.	  A	  greater	  number	  
of	  measurements,	  or	  measurements	  in	  more	  extreme	  positions	  like	  maximal	  horizontal	  flexion	  
and	   maximal	   retraction	   of	   the	   scapula	   could	   increase	   the	   scope	   of	   the	   method.	   A	   separate	  
wrapping	  object	  representing	  the	  whole	  rib	  cage	  could	  then	  be	  used	  in	  conjunction	  with	  this	  to	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represent	  the	  gross	  wrapping	  paths	  of	  thoracic	  muscle	  like	  the	  latissimus	  dorsi	  and	  the	  serratus	  
anterior.	  
7.5.3 Kinematics	  optimization	  
7.5.3.a Measured	  rotations	  
The	  differences	  between	  the	  optimised	  and	  measured	  upward	  and	  internal	  rotations	  in	  the	  PCC	  
method	  are	   low	  when	   compared	   to	   the	  magnitude	  of	   the	   joint	   rotations	   (Chapter	  6)	   and	   the	  
intra-­‐subject	  standard	  deviations	  found	  (for	  example	  Figure	  6.18).	  This	  is	  especially	  true	  for	  the	  
internal/external	   rotations	   where	   the	   optimisation	   constraints	   seem	   to	   have	   a	   very	   limited	  
effect.	  Changes	  in	  posterior	  tilt	  of	  the	  scapula	  are	  larger.	  This	  is	  a	  result	  of	  clashing	  between	  the	  
AI	  and	  the	  ellipse	  that	  is	  corrected	  by	  more	  anterior	  tilt	  of	  the	  scapula;	  seen	  almost	  exclusively	  
in	   the	   three	   motions	   (Figures	   7.4,	   7.6	   and	   7.8).	   Changes	   in	   the	   clavicle	   rotations	   will	   also	  
contribute.	  The	  relatively	  poor	  measurement	  accuracy	  in	  this	  rotation	  (Chapter	  5)	  may	  also	  be	  a	  
factor.	  
Subject	   s11	   and	   s10	   have	   a	   consistent	   underestimation	   of	   upward	   rotation	   and	   posterior	   tilt	  
after	   kinematics	  optimisation	  across	   the	   three	  pull-­‐up	  motions	   (Figures	  7.4,	  7.6	  and	  7.8).	   This	  
will	  act	  to	  move	  the	  AI	  out	  from	  the	  ellipse.	  
The	  shape	  of	  the	  scapula	  is	  a	  homogeneous	  scale	  of	  the	  VH	  human	  scapula	  (section	  7.2.1.a)	  and	  
so	   the	  measured	  rotations	  of	   the	  subject’s	   scapula	  will	  not	   translate	  directly	   to	   the	  measured	  
positions	  of	  the	  landmarks.	  Therefore	  it	  would	  be	  expected	  that	  the	  measured	  angles	  would	  not	  
be	  followed	  exactly.	  The	  advantage	  of	  the	  PCC	  method’s	  scaling	  of	  the	  thorax	  is	  that	  it	  tries	  to	  
ensure	   that	   the	   scaled	  model	   scapula	   is	   able	   to	   fit	  with	   the	  model’s	   thorax	   to	   some	   degree.	  
Again,	  this	  problem	  necessitates	  a	  methodology	  to	  non-­‐homogeneously	  scale	  the	  scapula	  bone.	  
The	   average	   changes	   to	   the	   measured	   rotations	   are	   of	   a	   similar	   order	   to	   the	   changes	   seen	  
between	   the	   PCC	   method	   with	   and	   without	   the	   conoid	   ligament	   constraint.	   Therefore	   the	  
degree	   of	   the	   effect	   on	   muscle	   force	   prediction	   may	   be	   similar	   to	   those	   already	   presented	  




Without	  the	  constraint	  that	  the	  conoid	  ligament	  is	  a	  fixed	  length	  the	  FCC	  method	  is	  more	  able	  to	  
find	  a	  continuous	  solution	  (Tables	  7.5	  and	  7.7).	  There	  is	  evidence	  that	  the	  length	  of	  the	  conoid	  
ligament	  increases	  with	  greater	  elevation	  of	  the	  arm	  (Seo	  et	  al.,	  2012,	  Izadpanah	  et	  al.,	  2012).	  It	  
may	  be	  that	  the	  wide	  range	  of	  motion	  explored	  here,	  exaggerated	  by	  the	  application	  of	  a	  high	  
load	   at	   the	   hand,	   results	   in	   a	   particularly	   strained	   conoid	   ligament	   and	   so	   the	   validity	   of	   the	  
constraint	  is	  weaker	  than	  during	  a	  standard	  abduction	  trial.	  Variation	  in	  the	  length	  of	  the	  conoid	  
ligament	  in	  different	  subjects	  has	  been	  shown	  to	  be	  high	  (mean	  ±	  SD:	  19.4	  ±	  4.8mm,	  range:	  13.5	  
–	  27.3mm	  from	  24	  cadavers;	  Harris	  et	  al.,	  2001).	  Although	  it	  is	  not	  clear	  if	  this	  length	  scales	  with	  
the	  dimensions	  of	   the	  bone	  or	   the	  subject,	   the	   level	  of	  variation	  seems	  to	  make	   this	  unlikely.	  
This	   adds	   further	   doubt	   to	   the	   validity	   of	   the	   constraint,	   particularly	   when	   a	  model	   is	   being	  
scaled.	  
As	   well	   as	   improvements	   in	   continuity,	   the	   agreement	   with	   measured	   rotations	   when	   the	  
conoid	   constraint	   is	   removed	   is	   very	   good	   (Table	   7.3).	   However,	   the	   average	   differences	   are	  
distorted	   significantly	   by	   the	   discontinuities	   in	   the	   FFC	   method	   data.	   This	   may	   explain	   the	  
greater	   changes	   in	   the	   FCC	   method	   than	   the	   PCC	   method	   when	   the	   constraint	   is	   removed	  
(Tables	   7.3	   and	   7.4).	   Figure	   7.3	   shows	   that	   when	   both	   the	   FCC	   and	   PCC	   methods	   find	   a	  
continuous	  solution	  there	  is	  a	  much	  closer	  agreement	  between	  the	  two	  methods,	  although	  the	  
PCC	  method	  still	  shows	   lower	  differences	  that	  fall	  outside	  the	  suggested	  measurement	  errors.	  
The	  clavicle	   rotations	   in	   the	  PCC	  method	  seem	  to	  be	   in	  particularly	  good	  agreement	  with	   the	  
measured	  rotations,	  as	  compared	  to	  the	  FCC	  method	  without	  the	  conoid	  constraint	  where	  the	  
differences	   are	   always	   outside	   the	   suggested	   measurement	   errors	   (Table	   7.4).	   This	   seems	  
understandable	   since	   small	   changes	   in	   clavicle	   rotations	  will	   cause	   relatively	   large	   changes	   in	  
scapula	  position	   relative	   to	   the	   thorax	   and	   also	   the	  optimisation	   cost	   function	   is	  weighted	   to	  
favour	  changes	  in	  clavicle	  rotations	  (Equation	  7.3).	  
It	  should	  be	  re-­‐stated	  that	  whilst	  the	  conoid	  ligament	  was	  not	  used	  as	  a	  constraint	  in	  some	  cases	  
(PCC	  method),	  it	  was	  assumed	  to	  have	  a	  constant	  strain	  (10%)	  for	  the	  load-­‐sharing	  optimisation.	  
This	  assumption	   reduced	   the	  high	   sensitivity	   to	   scapula	   scaling	  and	  kinematics	  measurements	  
that	  would	  result	  from	  determining	  strain	  based	  on	  the	  change	  in	  length.	  
A	   key	   function	  of	   the	   conoid	   ligament	   in	  many	  models	   is	   the	  determination	  or	   control	  of	   the	  
axial	   rotation	  of	   the	  clavicle	   (Garner	  &	  Pandy,	  2001,	  van	  der	  Helm,	  1994b).	  Here	  a	   regression	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equation	   is	   used	   to	   determine	   the	   axial	   rotation	   of	   the	   clavicle	   based	   on	   the	   position	   of	   the	  
humerus	   (Barnett,	  Duncan	  &	  Johnson,	  1999).	  This	  prediction	  has	  been	  shown	  to	  be	  close	  to	  a	  
gold-­‐standard	   in	   vivo	   measure	   of	   clavicle	   axial	   rotations	   (Sahara	   et	   al.,	   2007b);	   Figure	   5.1).	  
Ligament	   lengths	   may	   have	   some	   sensitivity	   to	   this	   rotation	   although	   given	   that	   the	  
attachments	  of	  the	  Trapezoid	  and	  Costoclavicular	   ligaments	  are	  close	  to	  the	  centre	   line	  of	  the	  
bone	  (Seo	  et	  al.,	  2012,	  Pronk,	  van	  der	  Helm	  &	  Rozendaal,	  1993)	  this	  should	  be	  a	  limited	  effect.	  
Given	   the	   above	   and	   the	   limited	   number	   of	   muscle	   attachments	   on	   this	   bone	   with	   the	  
potentially	  small	  impact	  of	  axial	  rotation	  errors	  on	  these	  moment	  arms	  and	  lines	  of	  action	  it	  was	  
decided	   that	   this	   method	   would	   be	   reasonable.	   However,	   future	   work	   looking	   into	   the	  
sensitivity	  of	  muscle	  force	  predictions	  would	  be	  very	  interesting,	  especially	  given	  the	  generally	  
poor	  treatment	  of	  this	   in	  musculoskeletal	  models.	  There	  are	  also	  a	  number	  of	  challenges	  with	  
the	  translation	  of	  the	  SC	  joint	  (discussed	  in	  Chapter	  2)	  that	  should	  see	  further	  investigation.	  
7.5.3.c STGP	  ellipse	  
The	   separations	  of	   the	   TS	   and	  AI	   from	   the	   STGP	  ellipse	   are	  presented,	  with	   averages	   ranging	  
from	  2.9	  -­‐	  5.3cm	  for	  the	  TS	  and	  0.5	  –	  2.9cm	  for	  the	  AI	   (Figures	  7.5,	  7.7	  and	  7.9).	   In	  a	  cadaver	  
study	  where	  an	  ellipse	  was	  fitted	  to	  the	  rib	  cage	  and	  the	  TS	  and	  AI	   landmarks	  where	  digitised	  
(Klein	  Breteler,	  Spoor	  &	  Van	  der	  Helm,	  1999)	  it	  is	  calculated	  that	  the	  separation	  was	  3.32cm	  for	  
the	  TS	  and	  2.42cm	  for	  the	  AI.	  The	  average	  model	  rest	  positions	  calculated	  in	  the	  NSM	  using	  the	  
Palpator	  measurements	  were	   found	  to	  be	  similar	  at	  2.79cm	  for	   the	  TS	  and	  2.70cm	  for	   the	  AI.	  
Thus	   the	   average	   separation	   of	   the	   AI	   seems	   to	   be	   within	   a	   sensible	   range	   compared	   to	  
literature	  values.	  However,	  the	  TS	  separation	  seems	  quite	  large.	  	  
Mollier	  et	  al.	  (1938;	  as	  cited	  by	  (Pronk,	  1991)	  suggests	  that	  the	  thickness	  of	  the	  serratus	  anterior	  
and	  subscapularis	  muscles,	  which	  fall	  between	  the	  scapula	  and	  thorax	  (Figure	  2.12),	  can	  reach	  
up	   to	  6cm.	  Although	   it	   is	   then	  suggested	   that	   this	  acts	   to	  alter	   the	  orientation	  of	   the	   scapula	  
relative	  to	  the	  thorax,	  rather	  than	  the	  curvature	  of	  the	  STGP.	  
The	  pattern	  of	  scapula	  separation	  is	  similar	  in	  each	  of	  the	  three	  pull-­‐up	  activities	  and	  will	  thus	  be	  
discussed	   together.	   The	   separation	   of	   the	   AI	   seems	   to	   be	   within	   physiological	   bounds	  
throughout	   the	  motions.	  However,	   the	  average	   separation	   is	   small	  during	   the	   first	  half	  of	   the	  
motion	  going	  down	  as	  low	  as	  7mm.	  This	  value	  is	  near	  the	  minimum	  separation	  boundary	  in	  the	  
kinematics	  optimisation.	  The	  separation	  of	  the	  TS	  is	  significantly	  larger,	  implying	  a	  scapula	  that	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is	  ‘peeling’	  backwards	  off	  the	  thorax.	  This	  may	  appear	  surprising	  given	  the	  pattern	  of	  neutral	  or	  
anterior	   tilt	   generally	   observed	   in	   the	   scapula	   relative	   to	   the	   thorax	   during	   these	   motions	  
(Chapter	  6).	  It	  may	  be	  therefore,	  that	  the	  scapula	  is	  being	  pulled	  superiorly	  over	  the	  top	  of	  the	  
ellipse	  by	  the	  action	  of	  a	  very	  large	  reaction	  force	  at	  the	  hand.	  This	  superior	  translation	  is	  likely	  
to	  be	  a	  significant	  contributor	  to	  the	  TS	  separation.	  	  
During	   a	   pull-­‐up	   the	  mass	   of	   the	   subject,	   the	  majority	   of	   which	   is	   in	   the	   legs	   and	   thorax,	   is	  
hanging	   from	   the	   hands	   and	   it	   has	   been	   shown	   that	   the	   thorax	   is	   tilted	   posteriorly	   (Section	  
6.3.2c	  and	  Figure	  6.21).	  This	  may	  therefore	  lead	  to	  high	  pressure	  on	  the	  AI	  as	  the	  thorax	  pivots	  
around	  the	  SC	  joint.	  These	  mechanics	  would	  mean	  that	  the	  AI	  could	  be	  pushed	  into	  the	  thorax	  
while	  the	  TS	  is	  levered	  away	  from	  it,	  resulting	  in	  the	  pattern	  of	  separation	  seen	  during	  the	  pull-­‐
up	  motions	  (for	  example	  Figure	  7.5).	  The	  model	  predicts	  high	  reaction	  forces	  at	  the	  AI	  landmark,	  
while	   they	   are	   small	   at	   TS	   during	   the	   pull-­‐up	   activity.	   These	   are	   presented	   and	   discussed	   in	  
Chapter	  9.	  
Accuracy	  of	  joint	  rotations	  at	  the	  AC	  joint	  will	  also	  influence	  scapula	  separation	  from	  the	  thorax	  
ellipse.	  The	  measurement	  of	  the	  AC	  joint	  was	  made	  with	  a	  digitised	  point	  relative	  to	  the	  scapula	  
tracker.	  This	  method	  has	  been	  shown	  to	  have	  an	  accuracy	  of	  about	  1°	  in	  plane	  of	  elevation	  and	  
up	  to	  3°	  in	  angle	  of	  elevation	  (Karduna	  et	  al.,	  2001).	  However,	  this	  study	  was	  done	  without	  the	  
optimal	  calibration	  presented	  for	  the	  scapula	   landmarks	  (Chapter	  5);	  this	   is	   likely	  to	  affect	  the	  
measurement	  of	  the	  AC	  joint	  given	  the	  similar	  patterns	  of	  error.	  The	  small	  measurement	  errors	  
imply	  that	  the	  effect	  on	  the	  separation	  of	  the	  medial	  border	  from	  the	  ellipse	  should	  be	  relatively	  
small.	   The	   homogeneous	   scaling	   of	   the	   scapula	   shape	   may	   be	   a	   more	   significant	   factor	   in	  
distorting	  the	  values	  found	  for	  separation,	  since	  this	  shape	  will	  not	  match	  the	  subject’s	  scapula	  
exactly.	  Non-­‐homogeneous	  scaling	  would	  improve	  this,	  and	  the	  problems	  with	  this	  have	  already	  
been	  discussed.	  
A	  limitation	  in	  the	  consideration	  of	  the	  thorax,	  and	  separation	  from	  it,	  is	  that	  the	  shape	  of	  the	  
thorax	  is	  assumed	  to	  remain	  constant	  throughout	  the	  motion.	  This	  is	  unlikely	  to	  be	  true	  during	  a	  
pull-­‐up	  where	   the	   back	   will	   be	   arched	   backwards	   throughout	   the	  motion,	   particularly	   at	   the	  
start	  of	  the	  motion	  and	  then	  less	  so	  at	  the	  top	  of	  the	  motion.	  Given	  that	  the	  vertical	  axis	  of	  the	  
thorax	   in	  the	  NSM	  is	  defined	  from	  the	  PX	  to	  the	  MA	  marker	  (defined	  in	  Chapter	  5)	  this	  would	  
seem	   to	   suggest	   that	   the	   separation	   is	   overestimated,	   assuming	   a	   spine	   that	   is	   arched	  
backwards.	  However,	   the	   effect	   of	   this	   on	   the	   calculated	   separation	   at	   the	   STGP	   joint	   is	   very	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complex,	  especially	  given	  a	  lack	  of	  data	  on	  the	  kinematics	  of	  the	  spine.	  Future	  work	  in	  models	  
looking	   at	   these	   types	   of	   athletic	   activity	  may	   be	  well	   advised	   to	   consider	   the	   effects	   of	   this	  
motion	  of	  the	  spine.	  However,	  given	  the	  relatively	  small	  portion	  of	  the	  thoracic	  spine	  that	  is	  in	  
adjacent	   to	   the	   scapula	   the	  effect	  on	   the	   STGP	   separation	  may	  be	   fairly	   limited,	   but	   requires	  
further	   investigation.	   This	   spine	  motion	  may	  go	  on	   to	   cause	   some	  distortion	  of	   the	  predicted	  
muscle	   forces,	   particularly	   for	   those	   with	   attachments	   lower	   on	   the	   back	   like	   the	   latissimus	  
dorsi.	  
Some	   explanations	   are	   thus	   given	   for	   the	   separation	   of	   the	   scapula	   from	   the	   thorax:	   the	  
posteriorly	  tilted	  thorax,	  the	  large	  external	  force	  pulling	  the	  scapula	  from	  the	  top	  of	  the	  ellipse	  
and	  the	  homogeneous	  scaling	  of	  the	  scapula.	  Errors	  in	  measurement	  at	  the	  AC	  joint,	  the	  scapula	  
itself	   and	   in	   the	   shape	  and	  deformation	  of	   the	   thorax	  will	   also	   contribute.	   The	  effects	  of	   this	  
large	   degree	   of	   separation	   at	   TS	   are	   not	   known	   in	  modelling	   terms,	   but	  muscles	   such	   as	   the	  
rhomboids,	  trapezius	  and	  serratus	  anterior	  may	  be	  particularly	  sensitive	  to	  these	  changes.	  
An	   attempt	  was	  made	   to	   provide	   an	   outer	   limit	   to	   the	   separation	   of	   the	   TS	   and	  AI	   from	   the	  
thorax	  ellipse.	  However,	   it	  was	  unclear	  where	   this	  bound	   should	  be	   set	  making	   the	  approach	  
fairly	  arbitrary.	  A	  rather	  unnatural	  pattern	  of	  ‘jumping’	  between	  the	  two	  bounds	  also	  results	  (for	  
example	   Figure	   7.19).	  Meanwhile	   at	   the	   TS	   the	  outer	   bound	   simply	   acts	   to	  define	   a	   constant	  
separation	  throughout	  the	  motion	  (given	  the	  pattern	  and	  levels	  of	  separation	  seen	  on	  average:	  
Figure	   7.5).	   There	   were	   also	   cases	   where	   solutions	   were	   not	   continuous,	   as	   with	   the	   FCC	  
method.	  The	  frequency	  of	  this	  depends	  on	  the	  outer	  bound	  imposed.	  Recent	  work	  has	  analysed	  
a	   similar	   idea	   but	   with	   ‘soft’	   constraints	   that	   utilise	   a	   weighted	   optimisation	   approach	  
(Bolsterlee,	  Veeger	  &	  van	  der	  Helm,	  2012).	  This	  method	  attempts	  to	  maintain	  the	  separation	  of	  
the	  TS	   and	  AI	   at	   the	   rest	   separation	  measured	   in	   the	   cadaver	   as	  well	   as	  maintaining	   the	   rest	  
length	   of	   the	   conoid	   ligament	   (Bolsterlee,	   Veeger	   &	   van	   der	   Helm,	   2012).	   This	   is	   a	   very	  
promising	   idea	   but	   given	   the	   lack	   of	   available	   data	   on	   what	   is	   a	   physiological	   separation	  
between	   scapula	   and	   thorax	   the	   determination	   of	   the	   bounds	   remains	   difficult,	   especially	   in	  




Figure	  7.19:	  Modelled	  separation	  between	  the	  ellipse	  representing	  the	  STGP	  and	  the	  inferior	  angle	  of	  the	  scapula	  
during	  the	  front	  pull-­‐up	  in	  the	  median	  subject	  (s3).	  The	  three	  trials	  are	  shown	  as	  a	  solid,	  dashed	  and	  dotted	  line.	  
A	   number	   of	   studies	   have	   examined	   the	   separation	   of	   the	   scapula	   and	   thorax	   and	   the	  
anatomical	   details	   in	   cadavers	   (Williams	   et	   al.,	   1999,	   Klein	   Breteler,	   Spoor	   &	   Van	   der	   Helm,	  
1999),	  but	  there	  has	  been	  no	  published	  research	  during	  dynamic	  activities.	  Future	  work	  could	  
take	  advantage	  of	  bone	  pin	  data	  sets	  (for	  example	  (Ludewig	  et	  al.,	  2009,	  Karduna	  et	  al.,	  2001)	  or	  
promising	   multi-­‐planar	   imaging	   technologies	   (Bey	   et	   al.,	   2006)	   in	   conjunction	   with	   robust	  
measures	  of	  the	  thorax	  shape	  to	  determine	  these	  separations	  during	  simple	  and	  possibly	  loaded	  
activities.	  	  
7.5.4 Sensitivity	  
A	  sensitivity	  value	  has	  been	  calculated	  for	  several	  important	  muscles	  (Table	  7.6).	  This	  value	  did	  
not	  use	  the	  standard	  formulation	  for	  sensitivity	  (Equation	  7.7;	  Scovil	  &	  Ronsky,	  2006,	  Lehman	  &	  
Stark,	  1982).	  Given	  that	  the	  perturbations	  of	  the	  input	  parameters	  to	  the	  model	  (joint	  rotations)	  
were	  not	  controlled	  this	  classical	  formulation	  could	  lead	  to	  very	  high	  values	  for	  sensitivity	  even	  
when	  the	  changes	  are	  extremely	  small	   in	  both	  the	  input	  and	  output	  parameters.	  Effectively	   in	  
this	  case	  there	  is	  very	  high	  sensitivity	  to	  the	  input	  perturbation.	  
sensitivity = 𝑉 𝑥 + 𝑝 − 𝑉 𝑥𝑝 ∙ 𝑉 𝑥 	  
Equation	  7.7:	  Classical	  statement	  of	  sensitivity	  of	  function	  V(x)	  to	  a	  perturbation,	  p,	  of	  x.	  
For	  the	  sensitivity	  values	  in	  Table	  7.6	  a	  value	  of	  1	  would	  indicate	  that	  an	  average	  perturbation	  of	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change	  of	  10%	  in	  the	  joint	  rotations	  leads	  to	  a	  10%	  change	  in	  muscle	  force.	  This	  measure	  is	  thus	  
a	   useful	   indicator	   of	   gross	   effect.	   Most	   of	   the	   values	   found	   fell	   just	   below	   1	   indicating	   that	  
kinematics	   may	   be	   an	   important	   parameter	   in	   a	   model	   simulation,	   but	   not	   one	   that	  muscle	  
forces	  are	  highly	  sensitive	  to.	  
Without	  systematic	  changing	  of	  each	  joint	  rotation	  it	  is	  only	  possible	  to	  speculate	  on	  the	  causal	  
relationship	  between	  the	  parameters.	  However,	  the	  results	  presented	  for	  the	  median	  subjects	  
demonstrate	   a	   clear	   and	   significant	   relationship	   between	   the	   kinematics	   and	   the	   resulting	  
muscle	  force	  predictions	  in	  all	  three	  pull-­‐up	  motions	  (Figures	  7.10,	  7.12	  and	  7.14).	  
During	  the	  front	  pull-­‐up	  in	  the	  median	  subject	  there	  was	  seen	  to	  be	  increased	  internal	  rotation,	  
a	   more	   coronal	   plane	   of	   elevation	   and	   generally	   slightly	   more	   abduction	   in	   the	   GH	   joint	  
rotations	  with	  the	  conoid	  constraint	   (Figure	  7.11).	  This	  configuration	  seems	  to	   lead	  to	  a	  more	  
positive	   flexion	  moment	   arm	   (around	   x-­‐axis)	   at	   the	   GH	   joint	   in	   the	   posterior	   deltoid	   (Figure	  
7.20).	  More	  positive	   flexion	  moment	  arms	  are	  also	   seen	   in	   the	   latissimus	  dorsi	  and	  pectoralis	  
major	   (Figure	   7.20),	   although	   these	   are	   likely	   to	   be	   more	   clearly	   linked	   to	   the	   SC	   rotation	  
differences	   (Figure	   7.11).	   In	   this	   case	   a	   negative	   (or	   extension)	   moment	   arm	   is	   desirable	   to	  
actuate	  the	  front	  pull-­‐up.	  Thus	  the	  more	  negative	  moment	  arm	  in	  the	  biceps	  and	  the	  consistent	  
moment	   arms	   in	   teres	   major,	   teres	   minor	   and	   infraspinatus	   (Figure	   7.20)	   mean	   that	   these	  
muscles	  are	  more	  favourable	  and	  thus	  their	  activation	  generally	  increases	  relative	  to	  the	  other	  
three	  muscles	   (Figure	   7.10b).	   The	  moments	   required	   around	   the	   x	   and	   z-­‐axes	   are	   consistent,	  
with	  average	  changes	  of	  -­‐0.1	  ±	  0.3Nm	  and	  0.0	  ±	  0.3Nm	  respectively.	  Changes	  in	  activation	  are	  
therefore	  likely	  to	  primarily	  result	  from	  changing	  moment	  arms.	  
These	   changes	   in	  moment	   arms	   seem	   explicable	   since	   a	  more	   coronal	   plane	   of	   the	   humerus	  
relative	  to	  the	  scapula	  may	  bring	  the	  posterior	  deltoid	  around	  to	  a	  more	  superior	  and	  posterior	  
position	  on	  the	  humeral	  head.	  This	  would	  be	  exaggerated	  further	  by	  increased	  internal	  rotation,	  
thus	  the	  negative/extension	  moment	  arm	  around	  the	  x-­‐axis	  would	  be	  decreased	  (Figure	  7.20).	  
The	   increased	   upward	   rotation	   of	   the	   clavicle	   is	   likely	   to	   lead	   to	   reduced	   extension	  moment	  
arms	  around	  the	  humerus	  flexion	  axis	  (x-­‐axis)	  in	  latissimus	  dorsi	  and	  pectoralis	  major	  since	  this	  
configuration	  will	  bring	  the	  GH	  joint	  closer	  to	  the	  origin	  of	  these	  muscles	  (which	  are	  inferior	  to	  
the	  joint).	  Thus	  the	  moment	  arms	  around	  the	  joint	  may	  be	  reduced	  as	  the	  line	  of	  action	  moves	  
closer	  to	  vertical	  (Figure	  7.20).	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The	   complication	   to	   this	   narrative	   is	   that	   there	   is	   a	   peak	   in	   the	   difference	   of	   the	   required	  
external	  rotation	  moment	  of	  -­‐2.5Nm	  at	  12%	  of	  the	  motion	  when	  the	  conoid	  ligament	  constraint	  
is	  present.	  The	  posterior	  deltoid	  is	  particularly	  well	  suited	  to	  providing	  this	  moment	  in	  addition	  
to	  an	  extension	  moment	  and	  thus	  the	  muscle	  sees	  a	  slight	  increase	  in	  activation	  (Figure	  7.10b)	  
despite	   the	   reduced	   extension	   moment	   arm	   (Figure	   7.20)	   just	   discussed.	   The	   increased	  
activation	   of	   infraspinatus	   and	   teres	   minor	   also	   necessitates	   an	   increased	   internal	   rotation	  
moment	  around	  the	  long	  axis	  of	  the	  humerus,	  which	  supraspinatus	  is	  able	  to	  provide,	  hence	  its	  
increased	  activation	   (Figure	  7.10b).	  This	  action	  of	   the	  supraspinatus	  has	  been	  observed	   in	   the	  
literature	  at	  high	  angles	  of	  humeral	  elevation	  (Ackland	  &	  Pandy,	  2011).	  
	  
Figure	  7.20:	  Difference	  in	  moment	  arm	  around	  the	  x-­‐axis	  of	  the	  humerus	  at	  the	  GH	  joint	  during	  the	  front	  pull-­‐up	  in	  
the	  subject	   s10.	  A	  positive	  difference	   indicates	  a	  more	  positive	  moment	  arm	  with	   the	  constraint	   that	   the	  conoid	  
ligament	  is	  a	  fixed	  length.	  Note	  that	  the	  moment	  required	  in	  this	  case	  is	  negative	  throughout	  the	  motion.	  
In	   the	   median	   subject	   performing	   the	   wide	   pull-­‐up	   the	   changes	   in	   muscle	   force	   are	   smaller	  
(Figure	   7.12),	   whilst	   the	   changes	   in	   rotation	   are	   fairly	   similar	   with	   or	   without	   the	   conoid	  
ligament	  constraint	  (Figure	  7.13).	  This	  reflects	  the	  slightly	  reduced	  sensitivity	  seen	  in	  this	  motion	  
(Table	  7.6).	  
The	   increased	  activation	  of	   the	  clavicular	  elements	  of	  pectoralis	  major	  seems	  to	  result	   from	  a	  
more	  advantageous	   (positive)	  moment	  arm	  around	   the	   z-­‐axis	  of	   the	  humerus	  at	   the	  GH	   joint	  
favouring	   the	   activation	   of	   this	   muscle	   (Figure	   7.21).	   Latissimus	   dorsi	   also	   increases	   its	  
effectiveness	  at	  the	  start	  of	  the	  motion,	  but	  less	  (Figure	  7.21),	  and	  so	  the	  activation	  reduces	  to	  
allow	  pectoralis	  major	  to	  provide	  the	  moments.	  As	  with	  the	  front	  pull-­‐up	  the	  variations	   in	  the	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the	   y-­‐axis.	  However,	   around	   the	   abduction/adduction	   axis	   (z-­‐axis)	   there	   are	   two	  peaks	   in	   the	  
difference	  just	  below	  1Nm	  in	  the	  second	  half	  of	  the	  motion	  (Figure	  7.22a).	  These	  peaks	  coincide	  
with	  two	  peaks	  in	  the	  difference	  of	  the	  moment	  arms	  of	  the	  pectoralis	  major,	  first	  a	  decreased	  
effectiveness	  and	  then	  increased	  effectiveness	  (Figure	  7.21).	  Thus	  the	  pattern	  of	  decreased	  and	  
then	  increased	  activation	  of	  this	  muscle	  also	  follows	  the	  same	  pattern	  (Figure	  7.12).	  The	  change	  
in	  activation	  of	   the	   thoracic	  portion	  of	  pectoralis	  major	   then	  necessitates	  an	  activation	  of	   the	  
subscapularis	   to	   balance	   the	   change	   in	   internal/external	   rotation	   moment	   (Figure	   7.22b).	  
Subscapularis	  is	  particularly	  suited	  to	  provide	  this	  moment	  given	  the	  more	  favourable	  (positive)	  
moment	  arm	  with	  the	  conoid	  ligament	  constraint	  (Figure	  7.21).	  The	  increase	  in	  the	  activation	  of	  
this	  muscle	  goes	  beyond	  the	  compensation	  of	  the	  moments	  provided	  by	  the	  pectoralis	  major.	  
This	   activation	  of	   the	   subscapularis	   in	   turn	   requires	   activation	  of	   teres	  major	   and,	   to	   a	   lesser	  
extent,	  latissimus	  dorsi	  to	  balance	  the	  moments	  around	  the	  x-­‐axis	  of	  the	  GH	  joint	  (Figure	  7.22c).	  
	  
Figure	  7.21:	  Differences	  in	  moment	  arms	  of	  muscles	  for	  subject	  s10	  during	  the	  Wide	  pull-­‐up.	  The	  thick	  lines	  of	  the	  
pectoralis	  major	  represent	  moment	  arms	  around	  the	  z-­‐axis,	  the	  thin	  lines	  around	  the	  x-­‐axis,	  latissimus	  dorsi	  (LD)	  is	  
the	  moment	  arm	  around	  the	  z-­‐axis	  and	  subscapularis	  (SBS)	  is	  the	  moment	  arm	  around	  the	  y-­‐axis.	  
The	  reason	  for	  displaying	  the	  moments	  at	  the	  three	  axes	  of	  the	  GH	  joint	  (Figure	  7.22)	  is	  partly	  to	  
illustrate	   that	   the	   changes	   in	   the	   required	   joint	   moments	   with	   the	   modified	   kinematics	  
(resulting	   from	  the	   introduction	  of	   the	  conoid	   ligament	  constraint)	  are	  small	  compared	  to	   the	  
changes	   in	   activations	   resulting	   from	   differences	   in	  muscle	  moment	   arms.	   This	   is	   particularly	  
clear	  at	  the	  start	  of	  the	  motion.	  
The	  median	  subject	  in	  terms	  of	  sensitivity	  to	  joint	  kinematics	  in	  the	  reverse	  pull-­‐up	  (s1)	  shows	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similar	   in	  the	  three	  pull-­‐ups	  (Table	  7.6)	  and	  these	  large	  changes	  result	  from	  what	  seems	  to	  be	  
larger	   forces	   required	   to	   actuate	   the	   reverse	   pull-­‐up	   (Figure	   7.14a).	   This	   difference	   will	   be	  





Figure	  7.22:	  Differences	   in	  wide	  pull-­‐up	  in	  moments	  required	  (red	  line)	  around	  the	  GH	  joint	  and	  the	  difference	  in	  
contributions	  of	  individual	  muscles	  to	  those	  moments	  around	  the	  three	  axes:	  (a)	  z-­‐axis	  (adduction	  negative),	  (b)	  y-­‐
axis	   (internal	  rotation	  positive)	  and	  (c)	  x-­‐axis	   (extension	  negative).	  A	  positive	  difference	   indicates	  a	  more	  positive	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As	  in	  the	  other	  median	  subjects	  for	  the	  front	  and	  wide	  pull-­‐ups	  an	  increased	  upward	  rotation	  of	  
the	  clavicle	  (Figure	  7.15)	  leads	  to	  a	  more	  negative	  (desirable)	  moment	  arm	  of	  pectoralis	  major	  
around	  the	  GH	  x-­‐axis	  (Figure	  7.23).	  The	  posterior	  tilt	  of	  the	  scapula	  also	  seems	  to	  contribute	  to	  
this	  more	  negative	  moment	  arm.	  A	  more	  externally	   rotated	  scapula	  with	   the	  conoid	   ligament	  
constraint	  seems	  to	  give	  a	  more	  negative	  (and	  desirable)	  moment	  arm	  in	  the	  posterior	  deltoid.	  
A	   more	   externally	   rotated	   scapula	   could	   lead	   to	   a	   more	   inferior	   and	   medial	   position	   of	   the	  
muscle	  on	  the	  humeral	  head.	  This	  position	  would	  allow	  a	  more	  negative	  moment	  arm	  around	  
the	   x-­‐	   and	   z-­‐axes	   of	   the	   GH	   joint	   (assuming	   the	   elbow	   is	   lateral	   to	   the	   GH	   centre,	   which	   is	  
reasonable).	  
	  
Figure	  7.23:	  Differences	   in	  moment	  arms	  of	  muscles	  for	  subject	  s10	  during	  the	  Reverse	  pull-­‐up.	  The	  thick	   lines	  of	  
the	  pectoralis	  major	  represent	  moment	  arms	  around	  the	  z-­‐axis,	  the	  thin	  lines	  around	  the	  x-­‐axis,	  the	  thick	  lines	  of	  
the	   posterior	   deltoid	   represent	   moment	   arms	   around	   the	   z-­‐axis,	   the	   thin	   lines	   around	   the	   x-­‐axis.	   The	   clavicle	  
upward	  rotation	  (SC	  up),	  glenohumeral	  internal	  rotation	  (GH	  int)	  and	  the	  glenohumeral	  plane	  of	  elevation	  (GH	  PoE)	  
are	  also	  shown.	  
The	  result	  of	  these	  changes	  in	  moment	  arm	  is	  that	  the	  posterior	  deltoid	  and	  the	  thoracic	  origins	  
of	  the	  pectoralis	  major	  see	  an	  increase	  in	  their	  activation	  in	  the	  first	  half	  of	  the	  motion	  (Figure	  
7.14b)	   as	   they	   are	   better	   suited	   to	   provide	   the	   required	  moments	   at	   the	  GH	   joint.	   This	   then	  
necessitates	   a	   significant	   reduction	   in	   the	   activation	   of	   teres	   major,	   and	   to	   a	   lesser	   extent	  
latissimus	   dorsi	   (Figure	   7.14b),	   to	   reach	   equilibrium	   around	   the	   GH	   x-­‐axes	   (Figure	   7.24a).	  
Increased	   activation	   of	   infraspinatus	   and	   teres	   minor	   also	   seem	   to	   contribute	   to	   a	   complex	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major	  and	  pectoralis	  major	  (Figure	  7.24c).	  The	  changes	  around	  the	  y-­‐axis	  then	  involve	  relatively	  
small	  changes	  in	  a	  large	  number	  of	  muscles	  with	  the	  increased	  internal	  rotation	  moment	  arm	  of	  
subscapularis,	   resulting	   from	   the	   increased	   external	   rotation	   of	   the	   scapula	   (Figure	   7.15),	  




Figure	   7.24:	   Differences	   in	   the	   reverse	   pull-­‐up	   of	   moments	   required	   (red	   line)	   around	   the	   GH	   joint	   and	   the	  
difference	   in	   contributions	   of	   individual	  muscles	   to	   those	  moments	   around	   the	   three	   axes:	   (a)	   z-­‐axis	   (adduction	  
negative),	  (b)	  y-­‐axis	  (internal	  rotation	  positive)	  and	  (c)	  x-­‐axis	  (extension	  negative).	  A	  positive	  difference	  indicates	  a	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Changes	  in	  scapula	  kinematics	  have	  thus	  been	  shown	  to	  lead	  to	  different	  recruitment	  patterns	  
in	  the	  muscles	  of	  the	  shoulder	  for	  three	  types	  of	  pull-­‐up.	  These	  differences	  seem	  to	  be	  primarily	  
caused	  by	  changes	  in	  the	  muscle	  moment	  arms	  as	  opposed	  to	  differences	  in	  the	  joint	  moments	  
required	  (Figures	  7.22	  and	  7.24).	  The	  average	  values	  of	  the	  absolute	  changes	   in	  required	   joint	  
moments	   are	   very	   small	   compared	   to	   the	   summed	  differences	   in	  magnitude	  of	   the	  moments	  
contributed	  by	  the	  muscles	  in	  the	  three	  median	  subjects,	  providing	  evidence	  that	  moment	  arms	  
are	  causing	  the	  changes.	  	  
This	  sensitivity	  to	  moment	  arms	  highlights	  the	  importance	  of	  anatomical	  factors	  that	  influence	  
the	  moment	  arms	  such	  as	  scapula	  shape,	  humeral	  head	  size	  and	  elbow	  size.	  Muscle	  wrapping	  is	  
also	   important	   in	   this	   and	   as	   such	   is	   discussed	   in	   the	   next	   chapter	   (Chapter	   8).	   The	   scapula	  
kinematics	  in	  both	  of	  the	  cases	  considered	  here	  (with	  and	  without	  conoid	  ligament	  constraint)	  
seem	   to	   fall	  within	  measurement	   errors	   (Table	   7.3).	   However,	   this	   is	   not	   the	   case	   for	   the	   SC	  
rotations	   (Table	   7.4),	   and	   these	   rotations	   are	   shown	   to	   be	   particularly	   important	   in	   the	  
recruitment	  of	  pectoralis	  major.	  
Future	  work	  could	  examine	  the	  specific	  effects	  of	  each	   joint	   rotation	  on	  the	  predicted	  muscle	  
forces.	  However,	  given	  the	  complex	  nature	  of	  the	  interactions	  between	  the	  rotations	  of	  the	  SC,	  
AC	  and	  GH	   joints	  this	  may	  only	  be	  of	   limited	  use.	  Studies	  such	  as	  this	  may	  therefore	  be	  more	  











− A	   methodology	   was	   presented	   to	   scale	   and	   apply	   measured	   kinematics	   to	   a	   model.	  
Agreement	  with	  measured	  kinematics	  was	  shown	  to	  be	  good	  relative	  to	  the	  magnitude	  
of	  the	  rotations.	  
− Separation	  of	  the	  medial	  border	  of	  the	  scapula	  to	  the	  thorax	  was	  shown	  to	  be	  relatively	  
large	  at	  the	  TS	  and	  therefore	  care	  should	  be	  taken	  in	  interpreting	  the	  results	  affected	  by	  
that.	   A	   gap	   in	   the	   literature	   regarding	   the	   quantifying	   of	   the	   STGP	   separation	   during	  
dynamic	  activities	  was	  discussed;	  with	  existing	  bone	  pin	  and	  imaging	  data	  sets	  suggested	  
as	  possible	  options	  to	  take	  this	  work	  forwards.	  
− The	   need	   for	   future	   research	   into	   non-­‐homogeneous	   scaling	   of	   the	   scapula	   and	   its	  
associated	   muscle	   attachments	   was	   highlighted	   as	   well	   as	   a	   rigorous	   study	   into	   the	  
physiological	  separation	  between	  the	  scapula	  and	  the	  thorax.	  
− The	  modelling	  methodology	  was	   shown	   to	   produce	   sensible	  muscle	   force	   predictions	  
that	   have	   a	   sensitivity	   to	   small	   changes	   in	   joint	   kinematics	   caused	  by	   a	   change	   in	   the	  
constraint	   of	   the	   conoid	   ligament	   length,	   thus	   highlighting	   the	   importance	  of	   subject-­‐
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The	   methodology	   used	   to	   scale	   the	   NSM	   and	   to	   optimise	   the	   measured	   kinematics	   was	  
discussed	   in	   Chapter	   7.	   This	   chapter	   goes	   on	   to	   discuss	   specific	   modelling	   issues	   that	   were	  
identified	  during	  the	  analysis	  of	  pull-­‐up	  activities	  in	  the	  NSM,	  the	  modifications	  applied	  and	  their	  




Once	  the	  kinematics	  of	  a	  model	  have	  been	  determined,	   inverse	  dynamics	  models,	  such	  as	  the	  
one	  presented	  here,	  compute	  the	  inter-­‐segmental	  joint	  forces	  and	  moments	  based	  on	  Newton’s	  
equations	  of	  motion.	  	  
In	  simulations	  of	  musculoskeletal	  models	  it	  is	  then	  necessary	  to	  determine	  each	  muscle’s	  line	  of	  
action	  and	  moment	  arm	  around	  the	  relevant	  joints.	  This	  is	  an	  important	  aspect	  of	  a	  simulation	  
because	  it	  effectively	  determines	  the	  utility	  and	  relative	  mechanical	  advantage	  of	  each	  muscle.	  
Studies	   have	   confirmed	   the	   significant	   importance	   of	   this	   parameter	   during	   comparison	   of	  
shoulder	  implants	  (Masjedi	  &	  Johnson,	  2010)	  and	  in	  a	  two-­‐dimensional	  model	  of	  the	  lower	  limb	  
(Raikova	   &	   Prilutsky,	   2001).	   The	   methods	   used	   to	   calculate	   these	   parameters,	   and	   the	  
associated	  discretisation	  of	  muscles,	  have	  been	  discussed	  in	  Chapter	  4.	  Most	  models,	  including	  
the	  NSM,	  represent	  muscle	  elements	  as	  taut	  elastic	  strings	  that	  wrap	  around	  rigid,	  frictionless	  
geometric	   shapes	   representing	   the	   bones	   of	   the	   upper	   limb.	   These	   shapes	   are	   commonly	  
referred	  to	  as	  wrapping	  objects.	  
The	   assumption	   that	   the	   strings	   representing	   the	   muscles	   are	   taut	   and	   that	   the	   wrapping	  
objects	  are	  rigid	  and	  frictionless	  implies	  that	  the	  muscle	  will	  follow	  the	  shortest	  path.	  Therefore	  
it	  is	  easy	  to	  imagine	  that	  there	  may	  be	  cases	  where	  the	  string	  effectively	  slips	  off	  the	  side	  of	  the	  
wrapping	  object	   and	   finds	  a	   shorter	  path	  elsewhere	  on	   the	  wrapping	  object,	   such	   cases	  have	  
been	   discussed	   in	   the	   literature	   (Marsden,	   Swailes	   &	   Johnson,	   2008b).	   In	   these	   cases	   it	   is	  
necessary	   to	  constrain	   the	  muscle	  path	   in	   some	  way	   to	  approximate	   the	   in	  vivo	   action	  of	   the	  
muscle.	   The	   shortest	   path	   of	   the	   muscle	   around	   the	   wrapping	   object	   is	   unlikely	   to	   be	  
physiological	  partly	  because	  it	  will	  be	  constrained	  by	  connections	  to	  other	  elements	  of	  the	  same	  
muscle	  or	  by	  the	  bulk	  of	  other	  muscles.	  
Once	   the	   inter-­‐segmental	   joint	   moments	   have	   been	   calculated	   and	   the	   lines	   of	   action	   and	  
moment	   arms	   of	   the	   muscles	   has	   been	   determined,	   the	   next	   stage	   in	   an	   inverse	   dynamics	  
musculoskeletal	  model	   is	   to	  distribute	   the	  muscle	   forces.	   This	   is	   done	   in	   such	   a	  way	   that	   the	  
moments	   exerted	  by	   the	  muscles	   create	   a	   state	  of	   equilibrium	  with	   the	   inter-­‐segmental	   joint	  
moments.	   The	   various	   optimisation	  methods	   used	   in	   the	   literature	   have	   been	   presented	   and	  
discussed	   in	  Chapter	  4.	  Muscle	   force	  upper	  bounds	  are	  something	  that	  vary	  widely	  across	  the	  
literature	  (Dickerson,	  Chaffin	  &	  Hughes,	  2007,	  Charlton	  &	  Johnson,	  2006,	  Garner	  &	  Pandy,	  2001,	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van	   der	   Helm,	   1994b,	   Karlsson	  &	   Peterson,	   1992),	   partly	   due	   to	   the	   different	   data	   collection	  
methods	  used	  or	  the	  specimen	  or	  subject	  used.	  These	  muscle	  forces	  upper	  bound	  values	  have	  
rarely	  been	  tested	  during	  dynamic	  activity,	  and	  when	  they	  have	  they	  were	  generally	  seen	  to	  be	  
too	   low	   (Cleather,	   2010,	   Runciman,	   1993).	   Although	   these	   values	   play	   a	   role	   in	   most	   load-­‐
sharing	   optimisation	   strategies,	   the	   effect	   in	   ADLs	   should	   be	   small	   when	   a	   consistent	  
distribution	  of	   PCSA	  values	   and	   the	   sum	  of	   squared	  muscle	   stress	  optimisation	  are	  used.	   The	  
effect	   is	  more	  significant	  when	  the	  distribution	  of	  PCSAs	  changes	  using	  the	  same	  optimisation	  
(Figure	   4.3).	   A	   fairly	   consistent	   distribution	   of	   muscle	   volumes	   has	   been	   reported	   between	  
subjects	  with	  three-­‐fold	  differences	  in	  total	  muscle	  volume	  (Holzbaur	  et	  al.,	  2007b)	  and	  a	  fairly	  
consistent	  distribution	  of	  PCSAs	  observed	  between	  shoulder	  models	  (Table	  4.8).	  
The	  discussion	  and	  results	  that	  follow	  were	  based	  on	  simulating	  the	  pull-­‐up	  activities	  described	  
in	  Chapter	  6,	  with	  the	  methods	  described	  in	  Chapter	  7.	  
The	   aims	   of	   this	   chapter	   are	   therefore	   to	   present	   the	   methods	   used	   to	   overcome	   various	  
modelling	   challenges	   in	   the	   simulation	   of	   the	   musculoskeletal	   dynamics	   of	   the	   pull-­‐ups.	   The	  
methods	   used	   to	   model	   the	   external	   force	   and	   the	   glenohumeral	   joint	   are	   also	   introduced.	  
Muscle	  wrapping	  problems	  specific	  to	  the	  motions	  presented	  in	  this	  thesis	  are	  addressed.	  The	  
muscle	   bounds	   used	   are	   presented	   and	   discussed,	   particularly	   in	   terms	   of	   the	   sensitivity	   to	  
changing	  bounds.	  
8.2 Muscle	  wrapping	  
A	   number	   of	   muscles	   were	   found	   to	   display	   unphysiological	   behaviour	   or	   moment	   arms.	  
Different	   strategies	  were	  used	   to	  overcome	   these	  problems.	   It	   should	  be	  noted	   that	   some	  of	  
these	   techniques,	   particularly	   where	   two	   wrapping	   objects	   are	   involved,	   are	   meant	   as	  
temporary	  measures	   to	   provide	   a	   reasonable	   estimate	   of	   a	  muscle’s	   action	   rather	   than	   as	   a	  
long-­‐term	  solution	  to	  these	  problems.	  Other	  strategies	  in	  the	  literature	  (for	  example;	  Marsden,	  
Swailes	  &	  Johnson,	  2008b)	  might	  be	  more	  suited	  to	  this.	  
In	   this	  section	  references	  will	  be	  made	  to	  muscle	  origins,	  effective	   insertions,	  effective	  origins	  
and	  insertions.	  The	  meaning	  of	  these	  terms	  is	  explained	  in	  Figure	  8.1.	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Figure	  8.1:	  Schematic	  posterior	  view	  of	  a	  subject	  demonstrating	  the	  meaning	  of	  the	  terms	  related	  to	  a	  muscle	  line	  
of	  action	  passing	  around	  a	  wrapping	  object.	  The	  muscle	  in	  this	  case	  is	  the	  latissimus	  dorsi	  and	  the	  wrapping	  object	  
an	  ellipse	  representing	  the	  inferior	  portion	  of	  the	  right	  side	  of	  the	  rib	  cage.	  The	  glenohumeral	  head	  sphere,	  humeral	  
column	  cylinder	  and	  the	  TS,	  AI	  and	  AA	  landmarks	  of	  the	  scapula	  are	  shown	  for	  context.	  
8.2.1 Long	  head	  of	  Biceps	  
The	  tendon	  of	  the	  long	  head	  of	  biceps	  runs	  through	  the	  sulcus	  bicipitalis	  (bicepital	  groove)	  and	  
is	  held	  in	  place	  by	  the	  transverse	  humeral	  ligament	  (Figure	  8.2).	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	   8.2:	   Tendon	   of	   the	   long	   head	   of	   biceps	   passing	   through	   the	   bicepital	   groove	   and	   under	   the	   transverse	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This	  muscle	  path	   is	  accounted	   for	   in	   the	  NSM	  by	   splitting	   the	  muscle	   into	   two	  parts;	   the	   first	  
originating	  at	  the	  top	  of	  the	  glenoid	  and	  inserting	  into	  the	  superior	  part	  of	  the	  bicepital	  groove,	  
and	   the	   second	  originating	  at	   the	   inferior	  point	  of	   the	  bicepital	   groove	  and	   inserting	   into	   the	  
forearm	  (Charlton	  &	  Johnson,	  2006);	  Figure	  8.3).	  The	  proximal	  portion	  of	  the	  muscle	  is	  used	  to	  
determine	  the	  muscle’s	  line	  of	  action	  and	  moment	  arms	  around	  the	  GH	  joint.	  
	  
Figure	  8.3:	  Representation	  of	  the	  long	  head	  of	  biceps	  of	  the	  NSM	  displayed	  in	  OpenSim.	  Eight	  via	  points	  represent	  
the	   path	   of	   the	  muscle	   through	   the	   bicepital	   groove.	   The	  points	   at	  which	   the	  muscle	   is	   split	   are	   labelled	   as	   the	  
superior	  and	  inferior	  points	  in	  the	  bicepital	  groove.	  
At	  high	  angles	  of	   glenohumeral	  elevation	   the	  origin	  of	   the	   long	  head	  of	  biceps	   can	  be	  placed	  
superiorly	  to	  the	  insertion	  of	  the	  first	  part	  of	  the	  muscle	  in	  the	  bicepital	  groove.	  This	  leads	  to	  an	  
unphysiological	   position	   of	   the	   muscle;	   trapped	   between	   the	   glenoid	   and	   humeral	   head.	   An	  
unrealistic	  moment	  arm	  is	  thus	  computed	  around	  the	  glenohumeral	  joint	  (Figure	  8.4a).	  	  
The	   original	   data	   used	   in	   the	   NSM	   defined	   a	   quadratic	   representing	   the	   path	   of	   the	  muscle	  
through	  the	  bicepital	  groove	  (Veeger	  et	  al.,	  1997).	  Simply	  selecting	  a	  point	  more	  inferiorly	  along	  
this	   curve	   gives	   a	   sensible	   line	   of	   action	   and	   moment	   arm	   at	   high	   angles	   of	   glenohumeral	  
elevation	  (Figure	  8.4b).	  The	  muscle	  also	  maintains	  a	  very	  similar	  path	  to	  the	  original	  via-­‐point	  at	  
lower	   angles	   because	   the	   muscle	   is	   set	   to	   wrap	   around	   a	   sphere	   that	   passes	   through	   the	  










Figure	   8.4:	   (a)	   An	   example	   of	   the	   unrealistic	  muscle	   force	   vector	   in	   the	   long	   head	   of	   biceps	   at	   a	   high	   angle	   of	  
glenohumeral	   elevation	   caused	   by	   an	   insertion	   point	   on	   the	   superior	   part	   of	   the	   bicepital	   groove.	   (b)	   A	   more	  
reasonable	  muscle	  force	  vector	  is	  shown	  with	  a	  more	  inferior	  point	  chosen	  in	  the	  bicepital	  groove.	  
8.2.2 Long	  head	  of	  the	  Triceps	  
The	  long	  head	  of	  the	  triceps	  is	  a	  bi-­‐articular	  muscle	  crossing	  the	  glenohumeral	  and	  elbow	  joints.	  
The	  NSM	  has	  previously	  only	  modelled	  one	  wrapping	  object	  per	  muscle:	  in	  the	  case	  of	  the	  long	  
head	  of	  triceps	  this	  was	  a	  cylinder	  representing	  the	  olechranon.	  At	  high	  angles	  of	  glenohumeral	  
elevation	  this	  can	  lead	  to	  a	  muscle	  path	  that	  passes	  through	  the	  glenohumeral	  head,	  leading	  to	  
an	  unphysiological	  and	  potentially	  very	  small	  moment	  arm	  around	  this	  joint.	  
In	  this	  study	  the	  muscle	  is	  thus	  set	  to	  wrap	  around	  the	  sphere	  representing	  the	  humeral	  head	  
once	  the	  wrapping	  around	  the	  olecranon	  has	  been	  established.	  This	   is	  achieved	  by	  computing	  
the	   origin,	   effective	   insertion,	   effective	   origin	   and	   insertion	   of	   the	   muscle	   when	   wrapping	  
around	  the	  olecranon	  (Figure	  8.5a).	  The	  portion	  of	  the	  muscle	  between	  the	  origin	  and	  effective	  
insertion	  is	  then	  considered	  to	  wrap	  around	  the	  glenohumeral	  head	  (Figure	  8.5b).	  
a" b"
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Figure	   8.5:	   Long	   head	   of	   triceps	   (2nd	   element)	   shown	   (a)	   before	   wrapping	   around	   humeral	   head	   and	   (b)	   after	  
wrapping	  around	  humeral	  head.	  The	  position	  is	  the	  first	  frame	  of	  the	  front	  motion	  in	  Subject	  s5	  (median	  height	  and	  
weight).	  
At	  deep	  flexion	  of	  the	  elbow,	  as	  the	  olecranon	  moves	  around	  the	  elbow	  flexion	  axis,	  the	  muscle	  
can	  pass	  through	  the	  cylinder	  representing	  the	  bulk	  of	  the	  elbow	  around	  the	  flexion	  axis	  of	  the	  
elbow	  (Figure	  8.6a).	   In	  the	  most	  extreme	  case	  this	  causes	  the	  muscle	  to	  apply	  a	  moment	  that	  
would	   flex	   the	  elbow.	  This	   is	  not	  physiological	  and	  can	  be	  solved	  by	   taking	   the	  portion	  of	   the	  
muscle	  between	  the	  origin	  and	  effective	  insertion	  on	  the	  olecranon	  cylinder	  and	  wrapping	  that	  
around	  the	  cylinder	  representing	  the	  bulk	  of	  the	  elbow	  at	  the	  epicondyles	  (Figure	  8.6b).	  The	  line	  
of	  action	  is	  then	  taken	  between	  the	  effective	  insertion	  on	  the	  flexion	  axis	  wrapping	  object	  and	  








Figure	  8.6:	  Lateral	  view	  of	  Subject	  s5	  (median	  height	  and	  weight)	  at	  the	  top	  of	  the	  front	  pull-­‐up	  motion.	  (a)	  Path	  of	  
the	   long	   head	   of	   triceps	   when	   only	   wrapping	   around	   olecranon.	   (b)	   Path	   of	   the	   same	   muscle	   when	   wrapping	  
around	   the	   elbow	   axis	   as	   well.	   Below	   those	   is	   an	   example	   of	   a	   subject	   in	   a	   comparable	   position	   to	   the	  model	  
schematic	  position.	  
8.2.3 Deltoid	  
The	  most	  lateral	  of	  the	  two	  strings	  representing	  the	  anterior	  portion	  of	  the	  deltoid	  is	  prone	  to	  
slide	   around	   the	   sphere	   representing	   the	  humeral	   head	   to	   give	   the	  opposite	   sign	  of	  moment	  
arm	   to	   that	   expected	   during	   elevation	   of	   the	   arm	   (Figure	   8.7).	   This	   occurs	   during	   internal	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in	  extension	  (Figure	  8.8).	  Temporary	  measures	  used	  in	  other	  models	  include	  the	  use	  of	  a	  comb-­‐
like	   structure	   to	   contain	   the	   strings	   of	   the	   deltoid	   (Seguin	   et	   al.,	   2012)	   or	   via-­‐points	   on	   the	  
muscle	   path	   (Klein	   Horsman	   et	   al.,	   2007,	   Holzbaur,	   Murray	   &	   Delp,	   2005,	   Garner	   &	   Pandy,	  
2001).	  
 	  
Figure	  8.7:	  Path	  of	  the	  most	  lateral	  string	  of	  the	  anterior	  portion	  of	  the	  deltoid	  in	  (a)	  a	  physiological	  position	  and	  (b)	  
after	  some	  internal	  rotation	  of	  the	  humerus	  in	  an	  unphysiological	  position.	  
A	   via	   point	   was	   introduced	   on	   this	   part	   of	   the	   anterior	   deltoid	   at	   the	   first	   point	   of	   contact	  
(during	   the	  pull-­‐up	  motion)	  between	   the	   string	   and	   the	   sphere	  of	   the	  humeral	   head.	   This	   via	  
point	   was	   then	   maintained,	   in	   the	   humerus	   coordinate	   frame,	   throughout	   the	   rest	   of	   the	  









Figure	  8.8:	  Subject	  s5	  at	  the	  very	  top	  of	  a	  front	  pull-­‐up	  (same	  position	  as	  in	  Figure	  8.6)	  viewed	  from	  above:	  (a)	  Path	  
of	  the	  one	  string	  of	  the	  anterior	  portion	  of	  the	  deltoid	  when	  allowed	  to	  find	  the	  shortest	  path	  around	  the	  humeral	  
head	  sphere	  and	  (b)	  with	  the	  described	  via-­‐point	  in	  place.	  
The	  most	  medial	  string	  of	  the	  posterior	  portion	  of	  the	  deltoid	  has	  seen	  a	  reasonable	  amount	  of	  
attention	   in	   the	   literature	   since	   it	   comes	   into	   contact	   with	   both	   the	   humeral	   head	   and	   the	  
humeral	  column	  (Marsden,	  Swailes	  &	  Johnson,	  2008b,	  Garner	  &	  Pandy,	  2000).	  In	  the	  published	  
version	   of	   the	   NSM	   this	   portion	   of	   the	   muscle	   was	   only	   set	   to	   wrap	   around	   the	   cylinder	  
representing	   the	   humeral	   column.	   At	   high	   angles	   of	   glenohumeral	   elevation	   this	   caused	   two	  
problems;	  the	  muscle	  path	  passed	  through	  the	  humeral	  head	  significantly	  reducing	  the	  moment	  
arm	   around	   the	   GH	   joint	   and	   an	   error	   occurred	   whereby	   the	   muscle	   wrapping	   around	   the	  
cylinder	   was	   heavily	   distorted	   by	   the	   fact	   the	   muscle	   entered	   through	   the	   open	   end	   of	   the	  
cylinder	  representing	  the	  humeral	  column.	  The	  method	  used	  to	  solve	  these	  was	  similar	  to	  that	  
of	   the	   anterior	   portion	   of	   the	   deltoid.	   A	   via	   point	   was	   found	   from	   the	   last	   point	   of	   contact	  
(during	   upward	   portion	   of	   the	   pull-­‐up	   motion)	   between	   the	   string	   and	   the	   sphere	   of	   the	  
humeral	  head.	  This	  via	  point	  was	  then	  maintained,	  in	  the	  humerus	  coordinate	  frame,	  for	  all	  the	  
frames	  before	  the	  last	  point	  of	  contact	  between	  the	  string	  and	  the	  humeral	  head.	  There	  is	  then	  
no	  via-­‐point	  during	  the	  top	  portion	  of	  the	  pull-­‐up	  motion.	  
The	  muscle	  string	  is	  also	  set	  to	  wrap	  around	  the	  cylinder	  representing	  the	  humerus.	  A	  via	  point	  
between	  the	  effective	  origin	  and	  effective	  insertion	  on	  the	  humeral	  head	  splits	  the	  muscle.	  The	  
proximal	   part	   considering	   the	  wrapping	   around	   the	  GH	   head	   and	   the	   distal	   part	   the	   cylinder	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Figure	  8.9:	  Path	  of	  the	  most	  medial	  string	  of	  the	  posterior	  portion	  of	  the	  deltoid	  at	  three	  stages	  of	  the	  wide	  pull-­‐up	  
viewed	   from	   above.	   (a)	   Start	   of	   the	  motion	   and	   (b)	  with	   the	   arm	   nearing	   the	   coronal	   plane.	   AA,	   TS	   and	   AI	   are	  
represented	  by	  black	  open	  circles.	  This	  is	  Subject	  s5.	  
8.2.4 Subscapularis	  
The	  paths	  of	  the	  three	  strings	  representing	  the	  subscapularis	  muscle	  are	  prone	  to	  slide	  around	  
to	   the	  wrong	  side	   (posterior)	  of	   the	  spherical	  wrapping	  object	   representing	   the	  humeral	  head	  
when	  the	  arm	  moves	  posterior	  to	  the	  coronal	  plane	  of	  the	  body	  i.e.	  in	  full	  extension	  of	  the	  GH	  
joint.	  
The	   problems	   encountered	  with	   this	  muscle	   were	   at	   the	   top	   of	   the	  motion	   and	   thus	   at	   low	  
angles	  of	  arm	  elevation.	  Via	  points	  were	  applied	  to	  the	  muscle	  to	  fix	  this	  problem.	  During	  the	  
last	  time	  step	  before	  the	  glenohumeral	  elevation	  falls	  below	  32°	  via	  points	  are	  computed	  as	  the	  




















the	  muscle.	  This	  via	  point	  is	  defined	  in	  the	  humerus	  coordinate	  frame	  and	  used	  for	  the	  rest	  of	  
the	  motion.	  
8.2.5 Latissimus	  Dorsi	  
The	  strings	  representing	  the	  latissimus	  dorsi	  were	  only	  originally	  set	  to	  wrap	  around	  the	  ellipse	  
representing	  the	  STGP	  of	  the	  thorax.	  At	  high	  angles	  of	  glenohumeral	  elevation	  this	  causes	  the	  
moment	   arm	   around	   the	   GH	   joint	   to	   be	   distorted	   by	   the	   muscle	   path	   passing	   through	   the	  
humeral	  head.	  The	  wrapping	  about	  both	  surfaces	  is	  thus	  considered	  sequentially	  as	  described	  in	  
Figure	  8.11.	  
The	  multiple	  considerations	  of	   the	  wrapping	   surfaces	   reduce	   the	  distortion	  caused	  by	  what	   is	  
inherently	  a	  single	  object	  wrapping	  technique.	  As	  mentioned	  this	   is	  a	  temporary	  measure	  that	  
allows	  a	  reasonable	  representation	  of	  the	  muscle	  path	  (Figure	  8.10).	  
	  
Figure	  8.10:	  Posterior	  view	  of	   the	  first	   frame	  of	   the	  front	  motion	   in	  Subject	  s5.	   (a)	  Without	  wrapping	  around	  the	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Figure	  8.11:	  Flow-­‐chart	  describing	  the	  method	  of	  wrapping	  the	   latissimus	  dorsi	  around	  the	  thorax	  ellipse	  and	  the	  
humeral	  head.	  Note	  that	  at	  each	  ‘yes’	  stage	  new	  effective	  insertions	  (EI)	  and	  effective	  origins	  (EO)	  are	  calculated	  for	  
use	  in	  the	  next	  step.	  
8.3 Glenohumeral	  joint	  
As	   discussed	   in	   Chapter	   4,	   functional	  methods	   of	   defining	   the	   centre	   of	   the	   GH	   joint	   do	   not	  
necessarily	  lead	  to	  an	  inherently	  coherent	  joint	  (i.e.	  a	  humeral	  head	  in	  contact	  with	  the	  glenoid).	  
However,	  these	  are	  the	  most	  accurate	  methods	  of	  calculating	  GH	  joint	  kinematics	  without	  the	  




































Paletta	  et	  al.,	  1997)	  or	  MRI	  (Sahara	  et	  al.,	  2007a,	  Graichen	  et	  al.,	  2001a).	  A	  functional	  method	  is	  
therefore	  used	  to	  determine	  joint	  kinematics	  (as	  described	  in	  Chapter	  6).	  
The	  use	  of	  scaled	  offset	  from	  the	  scapula,	  however,	  should	  give	  a	  coherent	  joint	  as	  long	  as	  the	  
original	   value	   in	   the	  model	   is	   appropriate.	   The	   value	   available	   in	   the	  NSM	  was	   derived	   from	  
fitting	  a	  sphere	  to	  the	  humeral	  head	  and	  glenoid	  in	  CT	  scans	  of	  the	  VH	  data	  set	  and	  thus	  should	  
be	   considered	  appropriate.	   It	   is	  not	   clear	  what	  effect	   an	   in-­‐coherent	   joint	  would	  have	  on	   the	  
model	   outputs	   but	   it	   expected	   that	   a	   separated	   or	   clashing	   joint	  might	   lead	   to	   unrealistic	   or	  
poorly	  scaled	  moment	  arms	  around	  that	  joint.	  Therefore	  a	  scaled	  offset	  from	  the	  scapula	  is	  used	  
in	  the	   inverse	  dynamics	  and	  muscle	  wrapping	  routines	  of	  the	  model,	  ensuring	  that	  a	  coherent	  
joint	  is	  maintained.	  
One	  particular	   effect	   of	   a	  misaligned	  humeral	   head	   centre	  would	  be	  on	   the	   constraint	   in	   the	  
NSM	  that	  the	  force	  vector	  at	  the	  GH	  joint	  must	  fall	  within	  the	  glenoid	  rim	  –	  approximated	  by	  an	  
ellipse.	  This	  constraint	  ensures	  that	  stability	  of	  the	  joint	  is	  maintained	  and	  may	  allow	  for	  some	  
co-­‐contraction.	  
𝐺𝐻! −𝑀!𝐴! ! + 𝐺𝐻! −𝑀!𝐴! ! − 1 > 0	  𝐺𝐻!	  ,	  𝐺𝐻!	  are	  the	  coordinates	  of	  the	  projected	  GH	  reaction	  force	  on	  the	  glenoid	  ellipse,	  𝑀!,  𝑀!  are	  the	  coordinates	  of	  the	  centre	  of	  the	  glenoid	  ellipse,	  	  𝐴!,  𝐴!	  are	  the	  vectors	  of	  the	  axes	  lengths.	  
Equation	  8.1:	  Glenoid	  ellipse	  constraint	  maintaining	  the	  GH	  joint	  reaction	  force	  directed	  within	  the	  ellipse.	  
In	   solving	   the	   rotation	   matrix	   between	   the	   scapula	   and	   humerus	   to	   find	   the	   GH	   joint	   Euler	  
angles	   a	   sequence	   of	   flexion,	   abduction,	   axial	   rotation	   (X,Z’,Y’’)	   was	   used	   in	   the	   published	  
version	   of	   the	   NSM.	   During	   the	   pull-­‐up	   activities	   presented	   here,	   this	   sequence	   caused	   a	  
significant	   amount	   of	   gimbal	   lock	   to	   occur.	   The	   sequence	   was	   thus	   changed	   to	   abduction,	  
flexion,	  axial	  rotation	  (Z,X’,Y’’)	  which	  overcomes	  this	  problem.	  The	  change	  of	  this	  sequence	  also	  
involved	   the	   addition	   of	   a	   link	   in	   the	   robotic	   linkage	   system,	   and	   the	   associated	   Denavit-­‐
Hartenberg	   parameters,	   that	   are	   used	   to	   calculate	   the	   inter-­‐segmental	   joint	   forces	   and	  
moments	  through	  the	  inverse	  dynamics	  routine	  (Charlton	  &	  Johnson,	  2006).	  
Chapter	  8	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8.4 Application	  of	  hand	  load	  
The	   inverse	  dynamics	  routine	   in	  the	  NSM	  has	  the	  ability	   to	  accept	  a	   force	  vector	  at	   the	  hand.	  
The	  force	  vector	  was	  measured	  with	  a	  single	  force	  plate	  underneath	  the	  pull-­‐up	  frame	  (Section	  
7.2.2;	  Figure	  7.1).	  The	  use	  of	  a	  single	  force	  plate	  to	  measure	  the	  reaction	  force	  at	  the	  hand	  may	  
be	  important	  and	  as	  such	  is	  tested	  and	  discussed	  in	  Chapter	  10.	  
In	  this	  set-­‐up	  the	  lateral	  force	  at	  each	  hand	  is	  indeterminate.	  The	  force	  was	  therefore	  assumed	  
to	  act	  perpendicularly	  to	  the	  bar.	  Note	  that	  this	  does	  not	  mean	  vertical,	  in	  fact	  the	  force	  in	  the	  
anterior/posterior	   direction	   is	   measured	   and	   used	   to	   define	   the	   vector.	   For	   the	   front	   and	  
reverse	  motion	  the	  bar	  is	  horizontal,	  but	  the	  wide	  motion	  uses	  a	  part	  of	  the	  bar	  that	  is	  set	  at	  22°	  
to	  the	  horizontal	  (Figure	  8.12).	  The	  force	  vector	  is	  adjusted	  accordingly.	  
	  	  	  	  	  	  	   	  
Figure	  8.12:	  Direction	  of	  application	  of	  external	   force	   for	   the	   three	  pull-­‐up	  motions.	  Note	   that	  anterior/posterior	  
components	  will	  vary	  throughout	  the	  motion	  and	  are	  not	  shown.	  
The	  force	  vector	  is	  close	  to	  the	  direction	  of	  the	  long	  axis	  of	  the	  forearm	  and	  so	  the	  moments	  will	  
be	   sensitive	   to	   the	  precise	  direction	  of	   the	   vector,	   particularly	   at	   the	  elbow.	  Additionally,	   the	  
forearm	  is	  the	  end	  effector	  and	  thus	  more	  susceptible	  to	  accumulated	  measurement	  errors.	  The	  
force	   vector	   is	   therefore	   transformed	   directly	   into	   the	   forearm	   coordinate	   frame	   to	   reduce	  
accumulated	   rotation	   errors	   and	   maintain,	   as	   far	   as	   possible,	   the	   relationship	   between	   the	  






The	  rotations	  of	  the	  wrist	  have	  not	  been	  measured	  since	  the	  musculature	  at	  this	  joint	  is	  not	  well	  
represented	  in	  the	  NSM.	  However,	  the	  contact	  between	  the	  subject’s	  hand	  and	  the	  pull-­‐up	  bar,	  
and	  therefore	  the	  point	  of	  force	  application,	  was	  not	  in	  line	  with	  the	  long	  axis	  of	  the	  forearm.	  A	  
constant	  10°	  flexion	   is	  applied	  to	  the	  wrist	  and	  the	  point	  of	  force	  application	   is	  set	  to	  half	  the	  
original	  length	  of	  the	  hand.	  This	  does	  not	  imply	  that	  the	  wrist	  is	  flexed	  throughout	  the	  motion	  
but	  instead	  accounts	  for	  the	  offset	  in	  the	  point	  of	  application.	  This	  parameter	  is	  a	  limitation	  of	  
the	  modelling	  and	  as	  such	  is	  tested	  and	  discussed	  in	  Chapter	  10.	  
8.5 Muscle	  maximum	  force	  
The	  upper	  bounds	  of	  the	  muscle	  forces	  allowed	  in	  the	  original	  NSM	  were	  applied	  as	  a	  constraint	  
on	  the	  load-­‐sharing	  optimisation.	  This	  upper	  bound	  was	  determined	  for	  each	  muscle	  from	  the	  
product	  of	  the	  physiological	  cross-­‐sectional	  area	  (PCSA)	  and	  the	  specific	  tension	  of	  the	  muscles	  
(100N/cm2).	  The	  load-­‐sharing	  optimisation	  of	  the	  model	  uses	  the	  minimisation	  of	  the	  sum	  of	  the	  
squared	  muscle	  stresses	  (Equation	  8.2).	  
𝐹!𝑃𝐶𝑆𝐴! !!!!"!!! 	  
𝐹!	  refers	  to	  the	  force	  in	  the	  ith	  muscle,	  of	  which	  there	  are	  87	  separate	  elements	  
Equation	  8.2:	  Load-­‐sharing	  optimisation	  used	  in	  the	  NSM.	  
In	  many	   cases	   it	  was	  not	  possible	   to	   find	  a	   solution	   such	   that	   the	  moments	  produced	  by	   the	  
muscles	  put	  the	  system	  into	  static	  equilibrium	  using	  the	  original	  bounds	  in	  the	  NSM.	  An	  example	  
for	  the	  median,	  largest	  and	  smallest	  subjects	  (in	  terms	  of	  height	  and	  weight)	  shows	  the	  multiple	  
of	   the	   original	   bounds	   required	   for	   an	   optimal	   solution	   (Table	   8.1).	   Note	   that	   other	   subjects	  
required	  larger	  multiples	  of	  the	  muscle	  force	  bounds.	  
Instead	   of	   applying	   largely	   arbitrary	  multiples	   to	   the	  muscle	   force	   bounds	   in	   each	   subject,	   a	  
globally	   optimal	   solution	   was	   found	   for	   each	   subject.	   Thus	   the	   muscle	   forces	   presented	   are	  
effectively	   unbounded	   (with	   an	   upper	   bound	  of	   10000	   times	   the	   original	   value).	   It	   should	   be	  
noted	  that	  given	  the	  load-­‐sharing	  cost	  function	  employed	  (Equation	  8.2)	  the	  upper	  bound	  to	  the	  
muscle	  force	  will	  only	  influence	  muscle	  recruitment	  at	  the	  point	  that	  this	  bound	  is	  reached.	  The	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effects	  of	  this	  constraint	  and	  its	  implications	  for	  the	  muscle	  force	  results	  presented	  in	  Chapter	  9	  
will	  be	  discussed.	  
	   	   	   	  
a	   Front	   Wide	   Reverse	  
1x	   0	   0	   7	   10	   10	   11	   100	   94	   92	  
2x	   0	   0	   0	   0	   0	   0	   53	   41	   34	  
3x	   0	   0	   0	   0	   0	   0	   6	   6	   7	  
4x	   0	   0	   0	   0	   0	   0	   0	   4	   5	  
5x	   0	   0	   0	   0	   0	   0	   0	   2	   3	  
6x	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
∞	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
b	   	   	   	   	   	   	   	   	   	  
1x	   38	   53	   52	   20	   16	   30	   92	   98	   93	  
2x	   0	   15	   22	   0	   0	   0	   88	   94	   90	  
3x	   0	   0	   16	   0	   0	   0	   78	   81	   79	  
4x	   0	   0	   2	   0	   0	   0	   15	   7	   3	  
5x	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
∞	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
c	   	   	   	   	   	   	   	   	   	  
1x	   64	   75	   86	   74	   82	   61	   100	   100	   100	  
2x	   0	   0	   0	   0	   0	   17	   78	   87	   82	  
3x	   0	   0	   0	   0	   0	   0	   23	   66	   36	  
4x	   0	   0	   0	   0	   0	   0	   0	   10	   8	  
5x	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
∞	   0	   0	   0	   0	   0	   0	   0	   0	   0	  
Table	   8.1:	   Percentage	   of	   frames	   where	   a	   solution	   could	   not	   be	   found	   to	   the	   load-­‐sharing	   problem	   at	   various	  
multiples	   of	   the	   original	   NSM	  muscle	   force	   upper	   bounds	   (found	   from	  PCSA	   [cm2]	   x	   100	  N/cm2).	   Three	   trials	   of	  
three	  motions	   in	   three	  subjects	   is	  presented:	   (a)	   the	  smallest,	   (b)	  median	  and	   (c)	   the	   largest	  subject	   (in	   terms	  of	  
height	  and	  weight).	  ‘x	  i’	  indicates	  the	  original	  muscle	  force	  bounds	  multiplied	  by	  i.	  Infinite	  (∞)	  in	  this	  case	  is	  10000	  
times	  the	  original	  bounds	  
8.6 Discussion	  
8.6.1 Muscle	  wrapping	  
Ideally,	   to	   validate	   the	  muscle	   wrapping	   used	   here,	   a	   comparison	  would	   be	  made	   to	   in	   vivo	  
moment	  arm	  data	  available	  in	  the	  literature	  (Ackland	  et	  al.,	  2008,	  Graichen	  et	  al.,	  2001b,	  Liu	  et	  
al.,	  1997).	  However,	  the	  available	  data	   is	   for	  simple	  planar	  movements	   in	  unloaded	  cases	  that	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are	   therefore	   not	   applicable	   to	   this	   study	   given	   both	   the	   complexity	   of	   the	   pull-­‐up	   motions	  
(Chapter	  6)	  and	  the	  strong	  influence	  of	  load	  on	  scapula	  kinematics	  (Kon	  et	  al.,	  2008,	  Blaimont,	  
Taheri	  &	  Vanderhofstadt,	  2005,	  Pascoal	  et	  al.,	  2000,	  McQuade	  &	  Smidt,	  1998).	  
Tendon	  excursion	  is	  the	  standard	  method	  to	  determine	  in	  vivo	  moment	  arms	  of	  the	  muscles	  in	  
the	   shoulder.	   This	   method	   is	   only	   capable	   of	   calculating	   moment	   arms	   around	   the	   axis	   of	  
movement	  and	   thus	   simple	  planar	  movements	   tend	   to	  be	   studied.	  A	  basic	   comparison	   in	   the	  
scale	  of	  moment	  arms	  contributing	  to	  elevation	  and	  depression	  of	  the	  arm	  may	  still	  be	  of	  some	  
use.	  However,	  future	  work	  should	  use	  the	  data	  collected	  in	  the	  early	  parts	  of	  this	  thesis	  (Chapter	  
5)	  that	  constrain	  the	  motion	  to	  a	  single	  plane	  and	  examine	  the	  agreement	  between	  these	  in	  vivo	  
moment	   arms	   and	   those	   calculated	   by	   the	   NSM.	   This	   would	   be	   particularly	   valuable	   at	   high	  
angles	  of	  arm	  elevation	  as	  well	  as	  a	  consideration	  of	  the	  pattern	  of	  change	  in	  the	  moment	  arms	  
across	  the	  motion.	  Care	  should	  be	  taken	  to	  check	  the	  internal/external	  rotation	  of	  the	  humerus	  
during	   these	  motions	   since	   this	   rotation	   is	   generally	   kept	   at	   zero	   in	   cadaver	   studies	   and	  will	  
significantly	  influence	  the	  moment	  arms	  of	  muscles	  like	  the	  teres	  major,	  latissimus	  dorsi	  and	  the	  
pectoralis	  major	  (Figure	  8.13).	  
	  
Figure	  8.13:	  Proximal	  end	  of	  a	   left	  humerus	  viewed	  anteriorly	  with	   the	  muscle	   insertions	  of	   the	   latissimus	  dorsi,	  
pectoralis	  major	  and	  the	  teres	  major	  labelled	  (Gray,	  2008).	  
Gatti	  &	  Dickerson	  (2007)	  have	  found	  that	  the	  moment	  arms	  generated	  in	  the	  NSM,	  as	  well	  as	  in	  
a	   number	   of	   other	   models,	   tend	   to	   fall	   within	   the	   range	   of	   experimentally	   measured	   data.	  
However,	  the	  low	  level	  of	  humeral	  elevation	  studied	  limited	  these	  conclusions	  for	  this	  study.	  
Some	   of	   the	   key	  muscle	   paths	   that	   have	   been	   altered	   specifically	   for	   this	   task	   (described	   in	  
Section	  8.2)	  are	  presented	  in	  more	  detail	  so	  that	  their	  appropriateness	  can	  be	  discussed.	  These	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smoothed	  results	  given	  the	  dependence	  of	  the	  moment	  arms	  on	  the	  kinematics	  and	  the	  inter-­‐
subject	  differences	  seen	  in	  these	  motions	  (Chapter	  6).	  	  
8.6.1.a Segment	  axes	  
All	  moment	  and	  moment	  arm	  results	  presented	  from	  this	  study	  are	  described	  in	  the	  local,	  distal	  
coordinate	  frame.	  Thus,	  for	  example,	  the	  GH	  joint	  moment	  arms	  are	  described	  in	  the	  humerus	  
local	   frame.	   However,	   those	   presented	   from	   the	   studies	   of	   Ackland	   et	   al.	   (2011,	   2008)	   are	  
presented	  around	  the	  axis	  of	  movement.	  
A	  large	  number	  of	  moments	  and	  moment	  arms	  at	  the	  shoulder	  joints	  are	  presented	  throughout	  
the	  rest	  of	  this	  thesis.	  These	  are	  described	  around	  the	  axes	  defined	  in	  Table	  8.2	  and	  illustrated	  
in	  Figure	  8.14.	  Positive	  moments	  or	  moment	  arms	  act	   in	  a	  clockwise	  direction	  around	  the	  axis	  
when	  looking	  from	  proximal	  to	  distal	  along	  that	  axis,	  as	  is	  conventional.	  
	   	   	  
Segment	   Axis	   Description	  of	  axis	  
Humerus	   X	   From	  medial	  elbow	  epicondyle	  to	  lateral	  elbow	  epicondyle	  
Y	   From	  the	  centre	  of	  the	  elbow	  epicondyles	  to	  the	  centre	  of	  the	  GH	  joint	  
Z	   The	  mutually	  perpendicular	  axis	  (pointing	  posteriorly)	  
Scapula	   X	   From	  the	  trigonum	  spinae	  to	  the	  acromial	  angle	  
Y	   Mutually	  perpendicular	  to	  the	  other	  axes	  (pointing	  superiorly)	  
Z	   Perpendicular	  to	  the	  plane	  formed	  by	  the	  TS,	  AA	  and	  AI	  (pointing	  posteriorly)	  
Table	   8.2:	   Description	   of	   the	   co-­‐ordinate	   frame	   used	   in	   this	   chapter,	   using	   first	   ISG	   recommendations	   (van	   der	  




Figure	  8.14:	  Axes	  of	   the	  scapula	  and	  humerus	  used	   to	  describe	   the	  moments	  and	  moment	  arms	   throughout	   this	  
thesis.	  The	  first	  rotation	  described	  is	  the	  positive	  rotation	  and	  the	  second	  the	  negative.	  Bone	  shapes	  traced	  from	  
(Gray,	  2008).	  
8.6.1.b Posterior	  Deltoid	  
The	   line	   of	   action	   of	   the	  most	  medial	   string	   of	   the	   posterior	   deltoid	   during	   the	  wide	  motion	  
(Figure	  8.9)	  shows	  a	  good	  line	  of	  action	  in	  that	  it	  passes	  below	  the	  scapula	  spine	  between	  TS	  and	  
AA	  and	  then	  around	  the	  humerus.	  However,	  it	  does	  appear	  that	  the	  path	  around	  the	  humerus	  is	  
rather	  inferior.	  This	  leads	  to	  a	  large	  flexion	  moment	  arm	  and	  a	  small	  ab/adduction	  moment	  arm	  
(Figure	  8.15a).	  
Figure	   8.15b	   shows	   the	  moment	   arms	   of	   the	   same	   string	   of	   the	   posterior	   deltoid	   during	   the	  
reverse	  motion.	  One	  risk	  of	  using	  via	  points	  in	  modelling	  is	  demonstrated	  in	  that	  the	  adduction	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the	  least	  similar	  plane	  of	  elevation	  compared	  to	  the	  wide	  motion	  and	  thus	  the	  extremes	  of	  the	  
motions	  are	  covered.	  
	  
	  
Figure	  8.15:	  Posterior	  portion	  of	  the	  deltoid	  during	  the	  (a)	  wide	  and	  (b)	  reverse	  pull-­‐up	  motion.	  The	  moment	  arms	  
are	   expressed	   in	   the	   humerus	   coordinate	   frame;	   where	   flexion/extension	   refers	   to	   a	   rotation	   around	   the	   axis	  
passing	   through	   the	   elbow	   epicondyles,	   internal/external	   rotation	   around	   the	   long	   axis	   of	   the	   humerus	   and	  
abduction/adduction	  around	  the	  mutually	  perpendicular	  line.	  
The	  action	  of	  the	  most	  medial	  string	  of	  the	  posterior	  deltoid	  appears	  to	  show	  some	  consistency	  
with	   the	   descriptions	   of	   the	   posterior	   deltoid	   in	   the	   literature	   (Figure	   8.16).	   Note	   that	   these	  
moment	  arms	  describe	  the	  action	  around	  the	  axis	  of	  movement.	  There	  is	  also	  consistency	  with	  
the	  generally	  described	  action	  of	  this	  portion	  of	  the	  muscle	  as	  a	  strong	  extensor	  of	  the	  humerus,	  












































Figure	  8.16:	  Moment	  arm	  of	  the	  posterior	  portion	  of	  the	  deltoid	  calculated	  using	  tendon	  excursion	  during	  passive	  
abduction	  and	   flexion	  motions.	   These	  moment	  arms	  are	  expressed	  around	   the	  axis	  of	  movement.	  Data	   sampled	  
from	  (Ackland	  et	  al.,	  2008)	  using	  PlotDigitizer	  (Huwaldt,	  2010).	  
In	  both	  pull-­‐up	  motions	  the	  muscle’s	  ability	  to	  depress	  the	  arm	  (i.e.	  opposing	  arm	  elevation)	  at	  
low	  angles	  of	  arm	  elevation	  (closer	  to	  100%	  of	  motion)	  is	  seen	  to	  increase,	  as	  described	  in	  vivo	  
(Figure	  8.16).	  However,	  given	  that	  the	  moment	  arms	  are	  in	  the	  humerus	  coordinate	  frame	  and	  
the	  motion	  is	  highly	  complex,	  this	  is	  not	  a	  simple	  comparison.	  
It	  seems	  that	  the	  greater	  moment	  arm	  during	  flexion,	  as	  compared	  to	  abduction,	  at	  high	  angles	  
of	  elevation	   in	  vivo	   is	   somewhat	  consistent	  with	  the	  moment	  arms	  predicted	   in	   the	  model.	   In	  
the	   model	   the	   combination	   of	   adduction	   and	   extension	   moment	   arms	   in	   the	   humerus	  
coordinate	   frame	   during	   the	   reverse	  motion	  will	   provide	   a	   strong	   ability	   to	   depress	   the	   arm	  
(Figure	  8.17),	  this	  motion	  is	  largely	  performed	  in	  the	  frontal	  plane	  as	  in	  flexion.	  During	  the	  wide	  
motion,	  more	  comparable	  to	  the	  abduction	  plane,	  the	  result	   is	  a	  weaker	  ability	  to	  depress	  the	  
arm	   due	   to	   the	   combination	   of	   abduction	   and	   extension	   moment	   arms	   in	   the	   humerus	  
coordinate	  frame.	  These	  moment	  arms	  effectively	  describe	  a	  horizontal	  extension	  moment	  arm	  
in	  the	  global	  coordinate	  frame,	  since	  there	  is	  external	  rotation	  of	  the	  humerus	  during	  the	  wide	  
motion	  (Section	  7.3.4a;	  Figure	  8.17).	  It	  may	  be	  that	  a	  higher	  than	  expected	  abduction	  moment	  
arm	   is	  produced	  by	   the	   inferior	  position	  of	   the	  muscle	   string	  on	   the	  humeral	  head.	  However,	  
further	   analysis	   that	   determines	   the	  moment	   arm	   around	   the	   instantaneous	   axis	   of	   rotation	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Figure	  8.17:	  Illustration	  of	  the	  action	  of	  the	  moment	  arms	  presented	  in	  the	  humerus	  co-­‐ordinate	  frame	  (described	  
in	  Figure	  8.14	  and	  Table	  8.2)	  viewed	  along	  the	   long	  axis	   from	  the	  distal	  end	  with	  45°	  external	   rotation.	  Humerus	  
abduction,	  adduction	  and	  extension	   refer	   to	  an	  action	   in	   the	  humerus	  co-­‐ordinate	   frame.	  The	   resultant	  moment	  
indicates	  the	  combination	  of	  the	  other	  two	  axes	  described	  in	  the	  global	  frame	  
The	  consistent	  moment	  arm	  seen	  during	  the	  reverse	  motion	  (Figure	  8.15)	  is	  something	  that	  can	  
result	  from	  the	  use	  of	  a	  via-­‐point.	  Since	  the	  point	  is	  consistent	  relative	  to	  the	  coordinate	  frame	  
of	   the	   moment	   arms	   being	   described	   this	   is	   possible,	   although	   often	   avoided	   through	   the	  
definition	   of	   a	   point	   between	   the	   effective	   origin	   and	   effective	   insertion.	   Since	   a	   dynamic	  
definition	  of	  the	  point	  was	  used	  this	  error	  is	  a	  possibility,	  but	  did	  not	  occur	  in	  all	  subjects.	  The	  
use	   of	   dynamically	   defined	   via-­‐points	   allows	   continuity	   in	   the	   muscle	   path	   whilst	   not	  
constraining	   the	  muscle	   string	   throughout	   the	  motion.	  Given	   the	  extreme	   ranges	  of	  motion	  a	  
constant	  constraint	   is	  not	  desirable;	  for	  example	   in	  the	  posterior	  portion	  of	  the	  deltoid	  during	  
extension	  beyond	  the	  neutral	  position	  a	  via-­‐point	  on	  the	  humeral	  head	  may	  be	  unrealistic.	  
However,	  as	  discussed	  the	  moment	  arms	  of	  the	  muscle	  do	  appear	  sensible.	  The	  presence	  of	  an	  
internal	  rotation	  moment	  arm	  at	  high	  elevation	  may	  seem	  surprising,	  but	  has	  been	  described	  in	  
cadaver	  studies	  (Ackland	  &	  Pandy,	  2011).	  This	  may	  be	  explained	  to	  some	  extent	  by	  the	  inferior	  
position	  of	  the	  via-­‐point	  on	  the	  glenohumeral	  head	  that	  could	  lead	  to	  this	  type	  of	  moment	  arm	  
in	   extreme	   external	   rotation	   of	   the	   humerus.	   This	   rotation	   can	   be	   seen	   during	   the	  wide	   and	  


























8.6.1.c Latissimus	  dorsi	  
The	  moment	  arms	  around	  the	  flexion/extension	  and	  ab/adduction	  axes	  are	  presented	  for	  all	  five	  
element	   of	   the	   latissimus	   dorsi	   during	   the	  wide	  motion	   (Figure	   8.18).	   The	  moment	   arms	   are	  
seen	  to	  become	  more	  positive	  as	  the	  origin	  of	  the	  muscle	  string	  becomes	  more	  inferior.	  
	  
	  
Figure	  8.18:	  Moment	  arms	  of	  the	  latissimus	  dorsi	  during	  the	  wide	  motion	  about	  two	  axes:	  (a)	  abduction/adduction	  
and	  (b)	  flexion/extension	  in	  the	  humeral	  co-­‐ordinate	  frame.	  
The	  same	  moment	  arms	  are	  presented	  for	  the	  reverse	  motion	  as	  a	  means	  to	  compare	  the	  action	  
of	  the	  latissimus	  dorsi	  (Figure	  8.19).	  Larger	  abduction	  moment	  arms	  are	  present	  in	  this	  motion	  












































	   253	  
	  
	  
Figure	   8.19:	   Moment	   arms	   of	   the	   latissimus	   dorsi	   during	   the	   reverse	   motion	   about	   two	   axes:	   (a)	  
abduction/adduction	  and	  (b)	  flexion/extension	  in	  the	  humeral	  co-­‐ordinate	  frame.	  
It	   should	   be	   expected	   that	   the	   inferior	   portions	   of	   the	   latissimus	   dorsi	   have	   smaller	  moment	  
arms	  with	  which	   to	   depress	   the	   humerus	   given	   the	   twisted	   fan	   orientation	   of	   the	   origin	   and	  
insertions	  of	  the	  muscle	  where	  the	  most	  inferior	  fibre	  origins	  have	  the	  most	  proximal	  insertion	  














































Figure	   8.20:	   Path	   of	   the	   latissimus	   dorsi.	   (a)	   Showing	   the	   twisted	   fan	   layout	   of	   the	   muscle	   fibres	   and	   (b)	   the	  
wrapping	  of	  the	  muscle	  around	  to	  the	  anterior	  portion	  of	  the	  thorax.	  Reproduced	  from	  (ExRx,	  2012).	  
The	  increased	  ability	  of	  the	  latissimus	  dorsi	  to	  depress	  the	  arm	  through	  the	  mid	  portion	  of	  the	  
motion	   (Figure	   8.18	   and	   Figure	   8.19)	   is	   similar	   to	   the	   parabolic	   profile	   seen	   in	   the	   literature	  
(Figure	   8.20).	   However,	   the	   presence	   of	   a	   flexion	   moment	   arm	   at	   the	   top	   of	   the	   motion	   is	  
unexpected.	  This	  is	  likely	  the	  result	  of	  the	  muscle	  fibres	  sliding	  around	  to	  a	  more	  medial	  position	  
on	  the	  humeral	  head.	  Via-­‐points	  similar	  to	  that	  in	  the	  posterior	  deltoid	  could	  improve	  this	  but	  it	  
would	  be	  difficult	  with	  such	  a	  complex	  muscle	  path.	  
	  
Figure	   8.21:	   Moment	   arms	   of	   the	   latissimus	   dorsi	   calculated	   using	   tendon	   excursion	   during	   passive	   abduction	  
(black)	  and	   flexion	   (grey)	  motions.	  These	  moment	  arms	  are	  described	  around	   the	  axis	  of	   rotation.	  Data	   sampled	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The	   latissimus	   dorsi	   muscle	   travels	   from	   inferior	   and	   medial	   of	   the	   GH	   joint	   and	   covers	   a	  
relatively	  long	  distance	  to	  its	  attachment	  on	  the	  humerus.	  This	  is	  in	  contrast	  to	  a	  muscle	  like	  the	  
teres	   major	   which	   originates	   rather	   more	   laterally.	   The	   teres	   major	   also	   originates	   on	   the	  
scapula,	  which	  may	  enable	  the	  moment	  arms	  of	  the	  muscle	  to	  stay	  consistently	  more	  favourable	  
throughout	  the	  motion	  with	  the	  scapula’s	  upward	  rotation	  with	  humeral	  elevation	  (Figure	  8.22).	  	  
	  
Figure	  8.22:	  Moment	  arms	  of	  the	  teres	  major	  during	  the	  reverse	  (grey)	  and	  wide	  (black)	  motions	  about	  two	  axes:	  
(a)	  abduction/adduction	  (dashed	  line)	  and	  (b)	  flexion/extension	  (solid	  line)	  in	  the	  humeral	  co-­‐ordinate	  frame.	  
8.6.1.d Other	  muscles	  
The	  changes	  made	  to	  the	  other	  muscle	  paths	  in	  the	  NSM	  (section	  8.2)	  are	  not	  presented	  here.	  
The	  change	  made	  to	  these	  muscle	  paths	  was	  clearer	  and	  had	  a	  less	  complex	  effect.	  
The	   long	  head	  of	  biceps	  was	  modified	   to	  allow	  more	   realistic	  moment	  arms	  at	  high	  angles	  of	  
elevation;	  this	  change	  may	  have	  some	  effect	  at	  lower	  elevations.	  This	  effect	  is	  minimal	  and	  may	  
represent	   an	   improvement	   in	   that	   the	  muscle	   is	   not	   so	   rigidly	   constrained	   to	   conform	   to	   the	  
whole	  length	  of	  the	  groove.	  	  
The	  long	  head	  of	  triceps	  was	  allowed	  to	  wrap	  around	  the	  humeral	  head	  and	  the	  elbow	  flexion	  
axes	   where	   appropriate.	   This	   allowed	   a	   fairer	   representation	   of	   this	   muscle’s	   multi-­‐faceted	  
application,	  particularly	  at	  high	  angles	  of	  elevation	  and	  in	  extension	  when	  the	  humerus	  moved	  
posterior	  to	  the	  thorax.	  However,	  the	  methods	  used	  to	  achieve	  this	  mean	  that	  the	  muscle	  is	  no	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once.	  Since	  the	  muscle	  length	  is	  not	  explicitly	  used	  in	  the	  model’s	  simulation	  this	  will	  have	  little	  
effect	  here.	  An	  iterative	  approach	  could	  be	  used	  to	  converge	  on	  the	  shortest	  path.	  
The	  via-­‐point	  added	  to	  the	  anterior	  portion	  of	  the	  deltoid	  was	  a	  minor	  change	  in	  that	  it	  was	  only	  
effective	   at	   low	  angles	   of	   elevation	   (Figure	   8.7).	   This	   has	   the	   important	   effect	   of	   keeping	   the	  
muscle	  anterior	  to	  the	  humeral	  head	  at	  low	  elevation	  and	  in	  maximal	  extension	  of	  the	  arm,	  as	  is	  
physiological.	   Similarly	   for	   the	   subscapularis	   this	   was	   an	   important	   addition	   to	   maintain	   a	  
physiological	  orientation	  at	  the	  low	  arm	  elevations	  seen	  at	  the	  top	  of	  the	  pull-­‐up	  motions.	  
8.6.1.e General	  comments	  
The	  use	  of	  via-­‐points	  defined	  during	  each	  motion	  keeps	  the	  continuity	  of	  the	  muscle	  path,	  thus	  
preventing	  sudden	   jumps	   in	  muscle	  moment	  arms	   that	  will	   carry	   through	   to	   the	  muscle	   load-­‐
sharing.	  The	  disadvantage	  of	  a	  pre-­‐defined	  via-­‐point	  throughout	  a	  motion	  is	  that	  it	  may	  distort	  
the	  action	  of	  the	  muscle	  at	  the	  extremes	  of	  motion.	  For	  example	  in	  maximal	  extension	  of	  the	  GH	  
joint,	  when	  the	  humerus	  moved	  posterior	  to	  the	  thorax,	  a	  via-­‐point	  on	  the	  posterior	  portion	  of	  
the	  deltoid	  attached	  to	  the	  humeral	  head	  would	  be	  inappropriate.	  
As	   stated	   at	   the	   beginning	   of	   this	   chapter	   these	  methods	   should	   only	   be	   seen	   as	   temporary	  
measures.	  In	  reality	  the	  strings	  used	  to	  represent	  muscles	  in	  a	  model	  should	  have	  some	  degree	  
of	   connection,	   since	   in	   reality:	   “mechanical	   connections	   between	   muscle	   ﬁbres	   and	  
intramuscular	   connective	   tissue	   play	   an	   important	   role	   in	   force	   transmission”	   (Huijing,	   1999).	  
This	  connection	  between	  the	  strings	  may	  help	  to	  prevent	  the	  flipping	  of	  muscle	  moment	  arms	  
around	  wrapping	  objects	   that	  was	   found	   in	   various	  muscles	  of	   the	  NSM	   (Section	  8.2).	  Robust	  
multi-­‐object	  wrapping	   techniques	   (Marsden,	  Swailes	  &	   Johnson,	  2008b)	  are	  also	   important	   to	  
describe	  muscle	  lines	  of	  action	  appropriately.	  The	  inclusion	  of	  multi-­‐object	  considerations	  may	  
also	  allow	   the	  use	  of	  more	   ‘external’	  wrapping	  objects,	   for	  example	  a	   constraint	  on	   the	   teres	  
major	  passing	   through	   the	  axilla	  or	   the	   supraspinatus	  passing	   through	   the	   subacromial	   space.	  
This	   idea	   could	   also	   be	   important	   in	   the	   muscles	   of	   the	   elbow	   where	   a	   large	   amount	   of	  
separation	   from	   the	  bone	   is	  possible	   (Figure	  8.23).	   This	  may	   reduce	   the	   stress	   in	   the	  muscles	  
considerably	  given	  the	  increased	  moment	  arm.	  The	  inclusion	  of	  an	  external	  wrapping	  object	  to	  
maintain	  the	  muscle	  close	  to	  the	  elbow	  may	  be	  an	  effective	  solution.	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Figure	  8.23:	  Example	  of	  bow-­‐stringing	  in	  the	  elbow	  flexors.	  Reproduced	  from(Charlton,	  2003).	  
The	  wrapping	  methods	   used	   here	  may	   lead	   to	   an	   underestimation	   of	  muscle	  moment	   arms,	  
particularly	   where	   the	   muscle	   relies	   on	   a	   wrapping	   object	   to	   define	   its	   path.	   The	   path	   of	   a	  
muscle	  should	  follow	  the	  locus	  of	  centroids	  of	  transverse	  sections	  of	  a	  muscle	  (Jensen	  &	  Davy,	  
1975).	  Therefore	  if	  a	  muscle’s	  path	  is	  flush	  to	  a	  wrapping	  object	  that	  is	  fitted	  to	  the	  bone	  shape	  
then	  the	  moment	  arm	  will	  be	  underestimated.	  Other	  models	  have	  used	  via	  points	  to	  take	  this	  
into	  account	  (Holzbaur,	  Murray	  &	  Delp,	  2005).	  However,	  this	  may	  be	  limited	  in	  that	  there	  is	  little	  
dynamic	   change	   in	   a	   muscle’s	   path.	   The	   consideration	   of	   this	   factor	   would	   require	   dynamic	  
changes	  of	  a	  muscles	  geometrical	  property	  with	  changing	  position	  and	  activation.	  
It	   is	   unclear	   if	   this	   will	   just	   reduce	   the	   overall	   muscle	   forces	   or	   if	   this	   will	   cause	   some	  
redistribution	  of	  the	  muscle	  forces.	  Future	  work	  could	  investigate	  this.	  
8.6.2 Muscle	  maximum	  force	  
When	  the	  original	  upper	  bounds	  to	  muscle	  force	  in	  the	  NSM	  (Charlton	  &	  Johnson,	  2006)	  were	  
applied	  to	  the	  pull-­‐up	  motions	  studied	  here,	  a	  feasible	  solution	  could	  not	  be	  found	  to	  satisfy	  the	  
inter-­‐segmental	  moments	  in	  many	  cases.	  With	  increased	  upper	  bounds	  solutions	  were	  possible.	  
The	   significantly	   larger	   PCSA	   values	   found	   in	   other	   models	   (Table	   8.3)	   with	   similar	   PCSA	  
distributions	   goes	   some	   way	   to	   justifying	   a	   uniform	   increase	   in	   the	   muscle	   bounds	   whilst	  
maintaining	  the	  relative	  PCSAs	  within	  the	  dataset.	  






Figure 7.11. “Bow Stringing” Effect for the Biceps long head and Brachioradialis 
muscles in Mid-Flexion. 
T e moment arms quoted for the brachi lis and brachioradialis muscles al o 
demonstrate close correlation, particularly in mid flexion. A constant moment arm in 
early flexion is also seen for these two muscles in both the results presented here and 
An and Morrey. The most significantly different of the previously published results for 
the brachialis and brachioradialis are again those of An et al., (1981), due to the bow 
stringing effect discussed above and shown in Figure 7.11. 
Results for the remaining flexor, pronator teres, lie within the range of data 
presented by other authors, with the spread peaking at nearly 2 cm at 120O flexion. The 
data presented by the various authors however show a lesser degree of agreement 
between each other. Only one fascicle of the superficial head (humeral origin) of 
pronator teres is presented for the Newcastle Model in Figure 7.10, whereas it is 













Calculation	   of	   individual	   bounds	   based	   on	   the	   ability	   of	   the	   model	   to	   reach	   a	   solution	   is	  
dangerous	  since	  it	  assumes	  the	  model	  is	  an	  ideal	  simulation	  of	  an	  activity	  and	  discounts	  model	  
sensitivities.	   This	   kind	   of	   scaling	   should	   thus	   be	   based	   on	   measured	   physiological	   geometric	  
parameters.	  With	  a	  solution	  using	  unbounded	  muscle	  forces	  the	  result	  is	  equivalent	  in	  all	  cases	  
and	  can	  be	  thought	  of	  as	  a	  globally	  optimal	  solution.	  This	   is	  a	  key	  parameter	  that	  needs	  to	  be	  
considered	  given	  that	  these	  movements	  could	  not	  be	  solved	  with	  available	  bounds.	  	  
On	  comparison	  with	  other	  musculoskeletal	  models’	  force	  upper	  bounds	  (Fmax;	  Table	  8.3)	   it	  can	  
be	  seen	  that	  the	  NSM	  has	  consistently	  lower	  values.	  Note	  that	  the	  PCSA	  values	  were	  presented	  
in	  Table	  4.8,	  but	  the	  variable	  specific	  tensions	  used	  in	  accounted	  for	  here.	  The	  NSM	  values	  are	  
derived	  from	  relatively	  elderly	  cadavers	  (Veeger	  et	  al.,	  1997,	  Johnson	  et	  al.,	  1996,	  van	  der	  Helm	  
et	   al.,	   1992).	   The	   DSEM	   uses	   the	   ‘muscular	   cadaver’	   of	   a	   57	   year	   old	  male	   (Nikooyan	   et	   al.,	  
2011),	   the	   Stanford-­‐VA	  model	   takes	   its	   values	   from	   in	   vivo	  measures	   in	   young	   living	   subjects	  
(<38	  years	  old;	  Holzbaur	  et	  al.,	  2007b)	  and	  the	  GPM	  from	  the	  38	  year	  old	  Visible	  Human	  cadaver	  
that	  had	  a	  mass	  of	  90kg	  and	  was	  examined	  immediately	  after	  death	  (Spitzer	  et	  al.,	  1996).	  The	  
distribution	   of	   PCSAs	   is	   fairly	   consistent	   across	   the	   models	   presented	   (Table	   4.8).	   With	   an	  
unbounded	  solution	  the	  outputs	  would	  therefore	  be	  similar	  given	  the	  same	  simulation	  inputs	  to	  
the	  load-­‐sharing	  optimiser.	  
Other	  sources	  of	  error	  in	  the	  determination	  of	  muscle	  bounds	  and	  future	  work	  to	  improve	  the	  
modelling	  of	  this	  parameter	  are	  discussed	  at	  the	  end	  of	  this	  section.	  
	   	   	   	   	  
GH	  muscles	   DSEM	   NSM	   Stanford-­‐VA	   GPM	  
Total	  Deltoid	   3307	  N	  	  (1)	   1220	  N	  	  (1)	   3108	  N	  	  (1)	   2706	  N	  	  (1)	  
Infraspinatus	   1432	  (2.31)	   600	  (2.03)	   1428	  (2.09)	   1099	  (2.46)	  
Teres	  minor	   497	  (6.65)	   210	  (5.81)	   444	  (6.76)	   223	  (12.1)	  
Supraspinatus	   621	  (5.33)	   300	  (4.07)	   576	  (5.23)	   686	  (3.93)	  
Subscapularis	   1431	  (2.31)	   780	  (1.56)	   1692	  (1.74)	   1178	  (2.30)	  
Table	   8.3:	   Examples	   of	   four	   model’s	   Fmax	   values	   for	   the	   deltoid	   and	   rotator	   cuff.	   Values	   in	   parenthesis	   are	   the	  
proportion	  of	  the	  deltoid	  Fmax	  in	  a	  particular	  muscle.	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Setting	  the	  upper	  bounds	  very	  high	  (10000	  times	  here)	  effectively	  finds	  the	  unbounded	  solution.	  
This	  solution	  can	  be	  considered	  as	  an	  ideal	  solution	  where	  the	  minimisation	  of	  squared	  muscle	  
stress	  is	  the	  primary	  aim.	  This	  is	  the	  optimal	  way	  that	  this	  subject	  could	  perform	  the	  activity,	  in	  
terms	   of	   minimum	   muscle	   stress,	   if	   they	   had	   unlimited	   strength.	   The	   solution	   is	   thus	   of	  
significant	   interest	   in	   terms	   of	   training	   focus,	   potential	   injury	   risks	   and	   the	   consequences	   of	  
muscle	  weakness	  in	  specific	  areas.	  If	  bounds	  are	  enforced	  on	  the	  muscle	  force	  predictions	  then	  
redistribution	   will	   result	   leading	   to	   an	   increase	   in	   the	   overall	   energy	   required.	   Clearly	   this	   is	  
relevant	   to	   the	   majority	   of	   the	   population	   not	   capable	   of	   performing	   these	   activities.	  
Weaknesses	   in	   key	   areas	  may	   cause	   an	  overloading	  of	   other	  muscles,	   potentially	   in	   awkward	  
positions	  or	  simply	  an	  increase	  in	  the	  amount	  of	  muscle	  energy	  required	  to	  perform	  the	  activity,	  
making	  it	  impossible.	  
8.6.2.a Effects	  of	  muscle	  bounds	  
Figure	   8.24	   shows	   an	   example	   of	  muscle	   forces	   calculated	  with	   two	   different	  muscle	   bounds	  
during	  a	  wide	  pull-­‐up.	  There	  is	  a	  clear	   increase	  in	  the	  muscle	  forces	  of	  other	  muscles	  over	  the	  
time	  frames	  where	  the	  force	  is	  restricted	  in	  a	  prime	  mover	  (teres	  major	  in	  this	  case).	  
	  
Figure	  8.24:	  Selected	  muscle	   forces	  during	  a	  wide	  pull-­‐up	   for	  Subject	   s5	   (median	   in	   terms	  of	  height	  and	  weight).	  






















The	  bounding	  of	  the	  allowable	  muscle	  force	  in	  the	  teres	  major	  is	  accompanied	  by	  an	  increase	  in	  
the	  forces	  of	   latissimus	  dorsi,	  posterior	  deltoid,	  subscapularis	  and	  the	  long	  head	  of	  the	  triceps	  
(Figure	  8.24).	  It	  is	  somewhat	  surprising	  that	  there	  is	  such	  a	  marked	  increase	  in	  the	  long	  head	  of	  
triceps	   and	   also	   in	   the	   subscapularis.	   The	   increase	   in	   the	   posterior	   deltoid	   appears	   to	   be	   the	  
smallest	   relative	   increase	   in	  activation	  with	  the	  original	  muscle	  bounds.	  The	  moments	  applied	  
by	  these	  muscles	  and	  the	  required	  moments	  at	  the	  GH	  joint	  are	  presented	  in	  Figure	  8.25.	  
It	  can	  be	  seen	  that	  the	  long	  head	  of	  the	  triceps	  is	  able	  to	  effectively	  compensate	  for	  the	  action	  
of	  the	  teres	  major	  in	  adducting	  and	  extending	  the	  humerus	  (Figure	  8.25a	  and	  c).	  Other	  muscles	  
like	  the	   latissimus	  dorsi	  and	  posterior	  deltoid	  also	  help	  make	  up	  the	  shortfall	   left	  by	  the	  teres	  
major’s	  restriction,	  but	  these	  appear	  to	  be	  more	  limited.	  The	  activation	  of	  the	  bi-­‐articular	  long	  
head	  of	  triceps	  will	  create	  a	  moment	  at	  the	  elbow	  that	  is	  opposed	  to	  the	  moment	  required.	  This	  
will	   therefore	   result	   in	   the	   need	   for	   increased	   activation	   of	   elbow	   flexors	   like	   the	   biceps,	  
brachialis	   and	   brachioradialis.	   It	   is	   also	   interesting	   to	   note	   that	   later	   in	   the	  motion	  when	   the	  
force	  in	  the	  long	  head	  of	  triceps	  is	  restricted	  the	  teres	  major	  is	  able	  to	  compensate	  around	  these	  
two	  axes	  while	  the	  other	  heads	  of	  the	  triceps	  would	  be	  expected	  to	  compensate	  at	  the	  elbow.	  
Thus,	   a	   restriction	   of	   a	  muscle	   crossing	   the	  GH	   joint	   requires	   increased	   co-­‐contraction	   at	   the	  
elbow	  joint.	  
The	  long	  head	  of	  triceps	  was	  a	  muscle	  that	  used	  a	  modified	  wrapping	  technique	  (Section	  8.2.2).	  
The	  application	  of	  these	  moments	  around	  the	  GH	  joint	  would	  be	  significantly	  reduced	  without	  
these	   changes.	   These	   changes	   in	   distribution	   of	   muscle	   forces	   will	   affect	   the	   GH	   stability	  
constraint.	  The	  role	  of	  individual	  muscles	  in	  doing	  this	  is	  explored	  in	  Chapter	  9.	  
The	   role	   of	   the	   subscapularis	   seems	   to	   be	   compensating	   for	   the	   required	   internal	   rotation	  
moment	  at	  the	  joint	  (Figure	  8.25b).	  This	  muscle	  actually	  opposes	  the	  required	  moment	  around	  
the	  flexion/extension	  axis	  (Figure	  8.25a),	  and	  must	  therefore	  be	  a	  powerful	   internal	  rotator	  of	  
the	   humerus.	   This	   is	   the	   generally	   accepted	   primary	   role	   of	   this	  muscle.	   If	   the	   subscapularis	  
were	   less	   mechanically	   advantageous	   it	   may	   be	   that	   a	   muscle	   like	   the	   latissimus	   dorsi,	   that	  
contributes	  to	  internally	  rotate	  the	  humerus	  as	  well	  as	  in	  the	  other	  two	  axes,	  could	  be	  favoured	  
by	   the	  model’s	   optimisation	   cost	   function.	   The	   posterior	   portion	   of	   the	   deltoid	   opposes	   the	  
required	   internal	   rotation	  moment.	   This	  may	  explain	   the	   relatively	   small	   increase	   in	   a	  muscle	  
that	  has	  shown	  to	  have	  large	  moment	  arms	  in	  extension	  around	  the	  GH	  joint	  during	  this	  motion	  
(Figure	  8.15).	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Figure	  8.25:	  The	  contribution	  of	  selected	  muscles	  to	  the	  moments	  around	  the	  (a)	  x	  (flexion),	  (b)	  y	  (axial)	  and	  (c)	  z	  
(abduction)	  axes	  during	  the	  wide	  motion	  shown	  in	  Figure	  8.24.	  Black	  indicates	  twice	  the	  original	  muscle	  bounds	  and	  



























































The	  moments	  applied	  at	  the	  other	  three	  joints	  have	  not	  been	  presented	  but	  these	  may	  also	  play	  
a	   role	   in	  determining	  which	  muscles	   should	  be	  activated	   to	  minimise	   the	   sum	  of	   the	   squared	  
muscle	  stresses.	  
Figure	   8.26	   shows	   another	   example	   of	   the	   effects	   of	   changing	   the	  muscle	   force	   bounds,	   this	  
time	  in	  the	  reverse	  motion.	  The	  posterior	  portion	  of	  the	  deltoid	  is	  restricted	  in	  this	  case	  as	  well	  
as	   the	   teres	   major.	   The	   muscle	   bound	   increases	   in	   this	   case	   are	   considerably	   higher	   with	  
multiples	   of	   six	   and	   eight	   times	   the	   original	   bounds	   presented.	   Note	   that	   the	   load-­‐sharing	  
optimiser	  in	  both	  cases	  found	  a	  solution.	  
	  
	  
Figure	  8.26:	  Selected	  muscle	  forces	  during	  a	  reverse	  pull-­‐up	  for	  Subject	  s5	  (median	  in	  terms	  of	  height	  and	  weight).	  
Black	   indicates	   8x	   the	   original	  muscle	   bounds	   and	   grey	   6x	   the	   original	   bounds.	   (a)	   shows	   several	   key	   adductors	  
including	  the	  more	   lateral	  string	  of	  the	  posterior	  deltoid	  (p1)	  and	  the	  more	  medial	  string	  of	  the	  posterior	  deltoid	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The	   rotator	   cuff	   appears	   to	  play	   an	   important	   role	   in	   compensating	   for	   the	   reductions	   in	   the	  
teres	   major	   and	   the	   posterior	   deltoid.	   The	   more	   lateral	   string	   of	   the	   posterior	   deltoid	   also	  
compensates	  for	  the	  restriction	  of	  the	  more	  medial	  string	  of	  the	  same	  muscle	  (Figure	  8.26).	  
The	   moments	   applied	   by	   the	   muscles	   presented	   are	   shown	   in	   Figure	   8.27.	   It	   is	   particularly	  
noticeable	   that	   the	   teres	  major	   contributes	  more	  moment	   than	   is	   required	   for	   the	  abduction	  
moment	  at	  the	  GH	  joint.	  
The	  compensation	  for	  the	  loss	  in	  moment	  contribution	  by	  the	  teres	  major	  in	  the	  flexion	  moment	  
is	  provided	  by	  the	  more	   lateral	  string	  of	  the	  posterior	  deltoid,	  and	  the	   latissimus	  dorsi	   (Figure	  
8.27a).	   Compensation	   for	   the	   loss	   of	   moment	   provided	   by	   the	   more	   medial	   string	   of	   the	  
posterior	   deltoid	   is	   then	   primarily	   provided	   by	   the	   teres	   major	   and	   the	   other	   string	   of	   the	  
posterior	  deltoid.	  This	  is	  not	  surprising	  since	  the	  two	  strings	  are	  closely	  related	  and	  thus	  have	  a	  
similar	  action.	  The	  latissimus	  dorsi	  and	  infraspinatus	  also	  contribute.	  
Around	  the	  long	  axis	  of	  the	  humerus	  the	  moment	  provided	  by	  the	  supraspinatus	  is	  important	  as	  
well	  as	  the	  subscapularis	  and	  to	  a	  lesser	  extent	  the	  latissimus	  dorsi	  (Figure	  8.27b).	  Interestingly	  
the	  infraspinatus	  opposes	  the	  required	  moment	  around	  this	  axis	  but	  sees	  a	  noticeable	  increase	  
in	  force	  (Figure	  8.26b).	  
For	  the	  abduction	  axis	  the	  teres	  major	  is	  the	  dominant	  provider	  of	  the	  moment	  required,	  and	  in	  
fact	   needs	   co-­‐contraction	   of	   muscles	   like	   the	   supraspinatus	   and	   infraspinatus	   to	   reach	  
equilibrium	  (Figure	  8.27c).	  The	  effect	  of	  its	  initial	  reduction	  in	  force	  and	  therefore	  moment	  is	  an	  
increase	  in	  the	  moment	  provided	  by	  the	  more	  lateral	  string	  of	  the	  posterior	  deltoid.	  The	  effect	  
of	  the	  teres	  major’s	  subsequent	  increase	  in	  force	  is	  an	  increase	  in	  the	  moment	  provided	  by	  the	  
more	   lateral	   string	   of	   the	   posterior	   deltoid	   as	   well	   as	   a	   significant	   increase	   in	   the	   opposing	  
moment	  provided	  by	  the	  supraspinatus	  and	  the	  infraspinatus	  (Figure	  8.27c).	  The	  supraspinatus,	  
and	   to	   a	   lesser	   extent	   the	   infraspinatus,	   act	   to	   oppose	   rotation	   around	   this	   axis	   and	   so	   their	  
increase	   in	   activation	   allows	   less	   compensating	  moments	   to	  be	  provided	  by	  other	  muscles.	   It	  
seems	   that	   because	   the	   teres	   major	   is	   so	   effective	   in	   the	   other	   two	   axes	   that	   it	   is	   ‘worth’	  
overshooting	   the	   required	   moment	   in	   this	   one	   because	   muscles	   like	   the	   supraspinatus	   and	  






Figure	  8.27:	  The	  contribution	  of	  selected	  muscles	  to	  the	  moments	  required	  around	  the	  (a)	  x	  (flexion),	  (b)	  y	  (axial)	  
and	   (c)	   z	   (abduction)	   axes	   during	   the	   reverse	  motion	   shown	   in	   Figure	   8.26.	   Black	   indicates	   8	   times	   the	   original	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These	   two	   examples	   illustrate	   that	   through	   the	   constraint	   of	   the	  muscle	   forces	   allowed	   in	   a	  
model	   there	   is	   a	   redistribution	   of	   the	  muscle	   forces	   throughout	   the	   upper	   limb.	   This	   change	  
does	   not	   appear	   to	   always	   be	   intuitive.	   As	   discussed	   previously	   this	   is	   important	   information	  
when	   considering	   the	  effect	  of	  particular	  muscle	  weaknesses.	   For	  example	  a	  weakness	   in	   the	  
teres	  major	  may	  require	  increased	  use	  of	  the	  rotator	  cuff	  muscles,	  triceps	  and	  latissimus	  dorsi	  
depending	   on	   the	   motion.	   Since	   impingement	   of	   the	   supraspinatus	   is	   common	   amongst	  
populations	   using	   these	   activities	   (for	   example	   climbers;	   Schoffl,	   Schneider	   &	   Kupper,	   2011,	  
Gerdes,	   Hafner	   &	   Aldag,	   2006),	   it	   may	   be	   important	   that	   the	   deltoids	   and	   teres	   major	   are	  
strengthened	  prior	  to	  returning	  to	  activity.	  Alternatively	  the	  training	  of	  the	  posterior	  deltoid	  and	  
teres	   major	   may	   have	   a	   role	   to	   play	   in	   avoiding	   overuse	   injuries	   in	   the	   supraspinatus.	   This	  
strengthening	  may	  also	  decrease	  muscle	  stress	  at	   the	  elbow	  (Figure	  8.24)	  –	  another	  potential	  
injury	  site	  (Schöffl,	  Harrer	  &	  Kupper,	  2006).	  
8.6.2.b General	  comments	  
There	   is	  clearly	  uncertainty	   in	  the	   literature	  about	  the	  specific	  tension	  of	  human	  muscle	  given	  
the	   large	   range	   of	   values	   used	   in	   musculoskeletal	   models:	   ranging	   from	   0.33	   to	   1.2	   MNm-­‐2	  
(Dickerson,	  Chaffin	  &	  Hughes,	  2007,	  Charlton	  &	  Johnson,	  2006,	  Garner	  &	  Pandy,	  2001,	  van	  der	  
Helm,	  1994b,	  Karlsson	  &	  Peterson,	  1992).	  This	  value	  is	  used	  to	  compute	  the	  maximum	  isometric	  
muscle	  force	  and	  thus	   is	   important	   in	  determining	  the	  upper	  bounds	  of	  the	  muscle	  force.	  The	  
problems	  with	   the	  assumption	  of	  a	   linear	   relationship	  between	  PCSA	  and	  strength	  have	  been	  
discussed	  in	  Section	  4.4.3.	  The	  use	  of	  torque	  measurements	  to	  determine	  muscle	  bounds	  is	  an	  
attractive	   one	   because	   it	   is	   a	   direct	   measure	   of	   subject-­‐specific	   ability.	   However,	   with	   this	  
technique	  optimisation	  methods	   are	   required	   to	   isolate	  muscle	   contributions.	  As	  discussed	   in	  
this	  section	  the	  action	  of	  individual	  muscles	  is	  important	  and	  potentially	  counter-­‐intuitive	  and	  so	  
grouping	  muscles	   together	   is	   inappropriate.	   A	  method	   has	   been	   suggested	   to	  match	   torque-­‐
angle	   curves	   of	   subjects	   to	   model	   predicted	   values	   by	   an	   optimisation	   of	   various	   model	  
parameters	   (Garner	   &	   Pandy,	   2003).	   The	   limitations	   of	   this	   method	   are	   that	   there	   is	   not	   a	  
unique	   solution	   and	   so	   there	   may	   be	   sensitivity	   to	   input	   parameters	   and	   an	   optimisation	  
strategy	   that	   has	   seen	   little	   research.	   The	   centre	   of	   rotation	   in	   the	  GH	   joint	  may	   also	   not	   be	  
consistent	  between	  models	  and	  measurements,	  as	  well	   as	   significant	  difficulties	   in	   controlling	  
the	   axis	   of	   rotation	   during	   dynamometer	   measurements	   at	   this	   joint.	   There	   is	   also	   a	  
considerable	   amount	   of	   time	   and	   expensive	   equipment	   required	   to	   perform	   these	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measurements.	   This	   method	   is,	   however,	   very	   promising	   in	   that	   it	   is	   able	   to	   take	   a	   direct	  
measure	  of	  strength	  as	  the	  determinant	  of	  the	  model’s	  maximum	  strength.	  It	  is	  also	  capable	  of	  
considering	  dynamic	  effects	  on	  muscle	  length.	  
Although	   the	   use	   of	   PCSAs	  with	  muscle	   specific	   tension	   is	   not	   a	   perfect	   relationship	   (Section	  
4.4.3),	   the	   muscle	   volume	   in	   10	   subjects	   was	   shown	   to	   explain	   the	   majority	   of	   variation	   in	  
maximum	  torque	  output	  (Holzbaur	  et	  al.,	  2007a).	  This	  was	  particularly	  true	  at	  the	  shoulder	  (R2	  =	  
0.9036	  –	  9476)	  and	  elbow	  (R2	  =	  0.7583	  –	  0.8273).	  Although	  a	   less	  clear	  relationship	  existed	  at	  
the	  wrist	   (R2	  =	  0.6751	  –	  0.6769)	   this	  may	  be	  partly	  due	   to	   sensitivity	   in	   calculation	  of	  muscle	  
volumes	   in	  particularly	   small	  muscles.	   This	   relationship	   could	  be	  used	   to	  estimate	   the	  muscle	  
volumes	   of	   the	   subject	   from	   maximal	   torque	   outputs.	   However,	   given	   the	   difficulties	   in	  
controlling	   the	   centre	   of	   rotation	   in	   these	   experiments	   and	   the	   small	   data-­‐set	   available	  
(Holzbaur	  et	  al.,	   2007a)	   it	  may	  be	  more	  appropriate	   to	  use	   imaging	   to	  directly	  determine	   the	  
volume.	  
It	  was	  also	  shown	  in	  a	  parallel	  study	  that	  the	  distribution	  of	  PCSAs	  throughout	  the	  shoulder	   is	  
consistent	   across	   a	   varied	   but	   small	   population:	   explaining	   85%	   of	   the	   volume	   variation	  
(Holzbaur	  et	  al.,	  2007b).	  The	  use	  of	  MRI	  scans	  to	  determine	  the	  muscle	  PCSAs	   is	  an	  expensive	  
and	   time-­‐consuming	   option	   that	   may	   yield	   good	   results	   (Holzbaur	   et	   al.,	   2007b).	   However,	  
simple	   scanning	   techniques	  using	   relatively	   cheap	   components	  may	   also	  provide	   a	   very	  quick	  
estimate	  of	   segment	   volumes	   (Pandis	   et	   al.,	   2008).	   These	   volumes	   can	  be	  used	   to	   determine	  
body	  segment	  parameters,	  but	  may	  also	  be	  applicable	  to	  estimating	  a	  value	  for	  the	  total	  muscle	  
volume	  in	  each	  segment.	  This	  value	  could	  then	  be	  used	  to	  estimate	  the	  PCSAs	  based	  on	  average	  
volume	   percentages	   of	   muscles	   measured	   in	   vivo	   and	   in	   cadavers.	   Although	   not	   a	   perfect	  
measure	  this	  method	  has	  the	  advantage	  that	  it	  is	  feasible	  in	  general	  modelling	  studies	  without	  
the	  need	  for	  a	  large	  amount	  of	  time	  and	  expense.	  In	  the	  athletic	  populations	  body	  fat	  is	  likely	  to	  
be	  low	  and	  so	  measures	  may	  be	  more	  repeatable	  and	  accurate,	  whereas	  in	  a	  clinical	  population	  
this	  may	  be	  a	  more	  complex	  problem.	  Ultrasound	  measurements	  are	  also	  able	  to	  give	  estimates	  
of	  muscle	  volume	  (Fukunaga	  et	  al.,	  2001),	  and	  these	  may	  be	  a	  good	  compromise	  between	  the	  
two	  methods.	  
The	  load-­‐sharing	  optimisation	  used	  has	  limitations	  in	  the	  distribution	  of	  muscle	  forces	  across	  the	  
shoulder.	  The	  sum	  of	  squared	  muscle	  stresses	  cost	  function	  will	  tend	  to	  reach	  a	  muscle’s	  upper	  
bound	  before	  searching	  very	  hard	  for	  other	  muscles	  to	  compensate	  (Figure	  8.24).	  This	  may	  not	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be	   realistic	   since	  muscles	   are	   unlikely	   to	   reach	   their	   absolute	  maximum.	   A	   criterion	   like	   the	  
min/max	   cost	   function	   (Rasmussen,	   Damsgaard	   &	   Voigt,	   2001)	   may	   be	   more	   appropriate	   in	  
highly	   loaded	   activities	   like	   the	   ones	   studied	   here.	   This	   method	   attempts	   to	   minimise	   the	  
maximum	  muscle	  force,	  which	  seems	  reasonable	  here,	  where	  minimisation	  of	  energy	  may	  not	  
be	  a	  priority.	  Future	  work	  should	  investigate	  the	  effect	  of	  the	  load-­‐sharing	  cost	  function	  on	  the	  
results	  of	  this	  type	  of	  activity.	  EMG	  studies	  may	  also	  have	  a	  role	  in	  looking	  at	  the	  recruitment	  of	  
key	  superficial	  muscles	  like	  the	  posterior	  deltoid,	  teres	  major	  and	  latissimus	  dorsi.	  
The	  method	  of	   leaving	   an	  unbounded	   solution	  has	   been	   justified	  by	   the	   sensitivity	   of	  muscle	  
force	  predictions	  to	  this	  parameter	  and	  the	  uncertainty	  over	  the	  correct	  bounds	  based	  on	  the	  
available	  data.	  Two	  examples	  have	  been	  shown	  of	  how	  the	  optimal,	  unbounded	  solution	  may	  
give	   important	   information	   on	   the	   most	   mechanically	   advantageous	   muscle	   recruitment	  
strategy	  and	  the	  effect	  of	  muscle	  weakness	   in	  particular	  areas.	  A	  thorough	   look	  at	  the	  muscle	  
recruitment	   across	   all	   eleven	   subjects	   tested	   will	   give	   more	   information	   on	   these	   optimal	  














− Via-­‐points	  and	  multiple	  object	  wrapping	  have	  been	  used	  to	  correct	  serious	  errors	  in	  the	  
muscle	  paths	  of	  the	  biceps,	  triceps,	  deltoid,	  latissimus	  dorsi	  and	  subscapularis.	  
− The	  description	  of	   the	  GH	   joint	   in	   the	  NSM	  has	  been	  explained,	   including	   the	   stability	  
constraint	  that	  the	  reaction	  force	  at	  the	  joint	  must	  be	  directed	  within	  the	  glenoid	  ellipse.	  
− Application	  of	   the	  measured	  external	   force	  has	  been	  described;	   compensating	   for	   the	  
angle	  of	  the	  pull-­‐up	  bar	  and	  attempting	  to	  reduce	  kinematics	  and	  measurement	  errors	  
with	   a	   direct	   transformation	   of	   the	   force	   to	   the	   forearm	   co-­‐ordinate	   frame.	   The	  
assumptions	  in	  this	  will	  be	  tested	  in	  Chapter	  10.	  
− The	  use	  of	   unbounded	  muscle	   forces	   in	   the	   simulation	  of	   the	  NSM	  has	   been	   justified	  
with	   a	   comparison	   to	   other	  model’s	   upper	   bounds	  where	   the	   source	   subject	   is	  more	  
appropriate,	  and	  with	  a	  discussion	  of	  the	  risks	  in	  applying	  inappropriate	  bounds	  that	  are	  
not	  well	  defined.	  
− The	   muscles	   that	   were	   modified	   using	   via-­‐points	   and	   multiple	   object	   wrapping	   have	  
been	   shown	   to	   give	   sensible	   moment	   arms	   that	   follow	   similar	   patterns	   to	   in	   vivo	  
measurements.	   Appropriate	   action	   of	   these	   muscles	   has	   also	   been	   shown	   in	   a	  
presentation	  of	  muscle	  forces	  during	  two	  pull-­‐up	  motions.	  
− The	  effects	  of	  muscle	  bounds	  and	   thus	   subject	   specific	  muscle	  weaknesses	  have	  been	  
explored	   through	   two	   examples	   in	   the	   wide	   and	   reverse	   pull-­‐up.	   These	   examples	  
suggested	   that	   a	   strengthening	   of	   the	   deltoid	   and	   teres	  major	  might	   be	   important	   in	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This	  chapter	  uses	  the	  modelling	  methods	  and	  joint	  kinematics	  results	  presented	  in	  the	  previous	  
three	  chapters	   to	  predict	   the	  muscle	   forces	  during	   three	   types	  of	  pull-­‐ups.	  The	   results	  will	  be	  
discussed	   in	   terms	   of	   their	   feasibility	   and	   modelling	   implications.	   Contrasts	   in	   recruitment	  
strategies	   between	   techniques,	   muscle	   effects	   on	   joint	   stability	   as	   well	   as	   implications	   for	  
training	  and	  injury	  will	  also	  be	  presented.	  




The	  kinematics	  of	   three	  pull-­‐ups	  was	  presented	   in	  Chapter	  6	  where	  a	  number	  of	   factors	  were	  
highlighted	   for	   further	   analysis	   in	   a	   musculoskeletal	   model.	   Among	   these	   factors	   were:	   the	  
effect	   of	   the	   different	   scapula	   kinematics	   strategies	   seen,	   the	   stability	   of	   the	  GH	   joint	   at	   the	  
ends	  of	   the	   range	  of	  motion	   (particularly	  high	  elevations),	   the	   loading	  of	   the	  supraspinatus	   in	  
vulnerable	   positions	   and	   the	   effect	   of	   significantly	   different	   kinematics	   between	   the	   types	   of	  
pull-­‐up	  on	  the	  muscle	  recruitment	  strategy.	  Analysis	  of	  these	  may	  have	  interesting	  implications	  
for	   understanding	   how	   this	   common	   training	   technique	   is	   performed	   as	   well	   as	   for	   injury	  
implications,	  musculoskeletal	  modelling	  methods	   and	   understanding	   the	   biomechanics	   of	   the	  
scapula.	  
Only	  one	  inverse	  dynamics	  musculoskeletal	  model	  being	  applied	  to	  a	  pull-­‐up	  was	  found	  in	  the	  
literature	   (Runciman,	  1993).	  This	   study	   looked	  at	   six	   subjects	  performing	  an	  activity	   similar	   to	  
the	   reverse	   pull-­‐up	   studied	   here.	   However,	   the	   model	   used	   did	   not	   consider	   the	   scapula	  
dynamics	  in	  the	  load-­‐sharing	  optimisation	  and	  thus	  scapulothoracic	  muscles	  were	  not	  included.	  
The	  brachialis,	  brachioradialis	  and	  the	  other	  muscles	  crossing	  the	  elbow	  were	  not	  considered	  in	  
their	   own	   right,	   only	   through	   a	   surrogate	   as	   an	   increased	   biceps	   capacity.	   The	   scapula	  
kinematics	  was	  computed	  with	  a	  standard	  regression	  equation,	  shown	  to	  be	   inappropriate	  for	  
these	  activities	  (Chapter	  6).	  EMG	  analysis	  was	  performed	  in	  the	  study	  and	  the	  force	  at	  the	  hand	  
measured	  with	  a	  force	  transducer	  on	  the	  handle	  (Runciman,	  1993).	  These	  measured	  parameters	  
are	   useful	   for	   comparison	   to	   the	   results	   obtained	   here	   as	   a	   basic	   verification,	   but	   subject	   to	  
many	  provisos.	  A	  comparison	  to	  calculated	  joint	  reaction	  forces	  is	  also	  useful	  but	  limited	  by	  the	  
model	  limitations	  discussed.	  
There	   have	   been	   some	   simple	   modelling	   studies	   looking	   into	   the	   muscle	   or	   joint	   forces	  
produced	  during	  static	  gym	  based	  exercises	  (Nolte,	  2011,	  Agarwal	  et	  al.,	  2010,	  Lee	  et	  al.,	  2009,	  
Biscarini	  et	  al.,	  2005),	  but	  these	  lack	  detail,	  thus	  making	  comparisons	  very	  difficult.	  Other	  work	  
has	   looked	   into	  the	  dynamics	  of	  the	  bench-­‐press	  exercise	  (Newton	  et	  al.,	  1996),	  the	  dumbbell	  
curl	  (Oliveira	  et	  al.,	  2009)	  and	  the	  iron	  cross	  in	  gymnastics	  (Bernasconi	  et	  al.,	  2004)	  using	  EMG.	  
Only	  one	  of	  these	   looked	  at	  the	  rotator	  cuff	  or	  the	  shoulder	  girdle	  muscles	   (Bernasconi	  et	  al.,	  
2004),	   and	   the	   limitations	   of	   EMG	   have	   already	   been	   discussed	   (Chapter	   4).	   However,	   a	  
comparison	   to	   the	   iron	  cross	  measurements	  may	  be	  of	   some	   interest	  as	  a	   comparison	   to	   the	  
wide	  pull-­‐up	  studied	  here.	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Other	   related	   work	   has	   looked	   at	   fast	   goal-­‐directed	   tasks	   (Happee	   &	   Van	   der	   Helm,	   1995)	  
highlighting	  the	  importance	  of	  considering	  muscle	  activation	  dynamics.	  However,	  this	  work	  was	  
significantly	  faster	  (five	  times	  the	  speed)	  than	  the	  pull-­‐ups	  studied	  here	  and	  there	  was	  no	  high	  
loading	   aspect.	   The	   differences	   seen	   were	   also	   small.	   Work	   in	   the	   modelling	   of	   wheelchair	  
propulsion	  may	  be	   similar	   since	   there	   is	   a	   reasonably	   high	  movement	   speed	   and	   a	  moderate	  
level	  of	  loading.	  This	  activity	  has	  a	  significant	  body	  of	  work	  (Arnet	  et	  al.,	  2012,	  Morrow,	  Kaufman	  
&	  An,	  2010,	  Collinger	  et	  al.,	  2008,	  Dubowsky	  et	  al.,	  2008,	  van	  Drongelen	  et	  al.,	  2006,	  Veeger,	  
Rozendaal	  &	   van	  der	  Helm,	   2002,	   van	  der	  Helm	  &	  Veeger,	   1996a,	   Veeger,	   van	  der	  Woude	  &	  
Rozendal,	  1989).	  These	  studies	  have	  found	  significant	  contributions	  from	  the	  rotator	  cuff	  (Arnet	  
et	  al.,	  2012,	  Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002)	  and	  fairly	  large	  GH	  joint	  reaction	  forces,	  
peaking	  at	  around	  1400N	  in	  dynamic	  conditions	  (Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002)	  and	  
up	   to	   2000N	   in	   a	   quasi-­‐static	   analysis	   (van	   der	   Helm	  &	   Veeger,	   1996a).	   The	   peak	   propulsion	  
force	  provided	  by	  the	  hand	  there	  was	  below	  100N	  (Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002),	  
making	   it	   up	   to	   five	   times	   smaller	   than	   the	   forces	   experienced	   at	   the	   hand	   during	   pull-­‐ups	  
(Chapter	  6).	  Therefore	  little	  is	  known	  quantitatively	  about	  the	  pull-­‐up	  activities	  and	  the	  way	  an	  
inverse	  dynamics	  musculoskeletal	  model	  will	  behave	  with	  them.	  However,	  many	  of	  these	  model	  
variables	  and	  some	  athletic	  activities	  are	  explored	  for	  the	  lower	  limb.	  The	  lack	  of	  a	  scapula,	  or	  
similar	  structure,	  means	  that	  comparisons	  are	  not	  helpful	  in	  this	  regard.	  
No	  data	  was	  found	  on	  the	  injury	  ætiology	  of	  pull-­‐ups.	  However,	  there	  is	  data	  on	  this	  in	  athletes	  
that	  perform	  similar	  activities,	  most	  notably	  rock	  climbers	  and	  gymnasts.	  Table	  9.1	  summarises	  
the	  literature	  on	  shoulder	  injuries	  in	  these	  athletes.	  There	  are	  also	  a	  number	  of	  case	  reports	  of	  
shoulder	  injuries	  in	  these	  activities	  (Schoffl,	  Schneider	  &	  Kupper,	  2011,	  Haddock	  &	  Funk,	  2006,	  
Peters,	   2001,	   Bannister	  &	   Foster,	   1986).	   These	   highlight	   impingement	   injuries,	   biceps	   tendon	  
damage	  and	  SLAP	  lesions.	  
Impingement	   and	   rotator	   cuff	   damage	   (tendonitis	   or	   tear)	   seem	   to	   be	   the	   most	   common	  
problems	   (Table	   9.1).	   These	   injuries	   are	   common	   in	   overhead	   athletes	   and	   so	   these	   are	   not	  
unusual	  findings	  (Kibler,	  1998).	  Kinematics	  factors	  such	  as	  high	  humeral	  elevation	  and	  internal	  
rotation	   (Hughes,	   Green	   &	   Taylor,	   2012,	   Bey	   et	   al.,	   2007)	   and	   scapulothoracic	   factors	   like	  
reduced	   upward	   rotation,	   reduced	   posterior	   tilt	   and	   increased	   internal	   rotation	   (Ludewig	   &	  
Braman,	  2011,	  Michener,	  McClure	  &	  Karduna,	  2003)	  are	  thought	  to	  contribute	  to	  impingement	  
injuries.	   These	   factors	   were	   discussed	   in	   the	   context	   of	   pull-­‐up	   kinematics	   (Section	   6.4),	   but	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muscle	  activation	  also	  has	  a	  role	  to	  play	  in	  understanding	  the	  risks	  of	  injury	  since	  high	  loading	  in	  
vulnerable	  positions	  is	  likely	  to	  be	  important.	  Rotator	  cuff	  damage	  can	  be	  caused	  by	  exposure	  to	  
repetitive	  high	  loading	  as	  well	  as	  some	  of	  the	  kinematics	  factors	  discussed	  above	  (Carpenter	  et	  
al.,	  1998).	  Biceps	  tendonitis	  at	  both	  the	  shoulder	  and	  elbow	  are	  also	  common	  injuries	  amongst	  
these	   athletes	   and	   may	   be	   exacerbated	   by	   high	   loading	   of	   both	   long	   head	   of	   biceps	   and	  
brachialis	  (Bollen,	  1990).	  	  
	   	   	  
Study	  findings	   Study	  type	   Specific	  findings	  
19-­‐36%	  of	  all	  injuries	  in	  climbers	  
occurred	  in	  the	  shoulder	  
Two	  surveys	  n=86	  
(Bollen,	  1990)	  
5/11	  Bicipital	  tendonitis	  (but	  possibly	  
impingement,	  suggested	  misdiagnosis)	  
4/11	  Rotator	  cuff	  tear	  
1/11	  Posterior	  deltoid	  strain	  
1/11	  recurrent	  subluxation	  
9.2%	  of	  all	  injuries	  in	  climbers,	  
including	  impact	  injuries	  
Survey	  n=1887	  
(Gerdes,	  Hafner	  &	  Aldag,	  2006)	  
9.4%	  of	  sprain/strain	  injuries	  were	  in	  
shoulder	  
13.3%	  of	  “chronic	  overuse	  injuries”	  
were	  in	  the	  shoulder	  (including	  
impingement)	  
36%	  of	  climbers	  had	  a	  history	  of	  
shoulder	  injury	  
Survey	  n=39	  
(Rooks	  et	  al.,	  1995)	  
33%	  of	  respondents	  showed	  evidence	  
of	  rotator	  cuff	  tendonitis	  or	  
impingement	  
17-­‐19%	  of	  injuries	  in	  male	  
gymnastic	  athletes	  occur	  in	  the	  
shoulder	  
Literature	  review	  
(Caine	  &	  Nassar,	  2005)	  
Rotator	  cuff	  tendonitis	  and	  
impingement	  highlighted	  
Table	  9.1:	  Data	  on	  shoulder	  injuries	  in	  climbers	  and	  gymnasts.	  
Concentric	  loading	  is	  the	  activation	  of	  a	  muscle	  as	  it	  shortens	  and	  eccentric	  loading	  is	  activation	  
when	   the	  muscle	   is	   lengthening	   (Figure	   9.1).	   It	   has	   been	   shown,	   in	   animal	   experiments,	   that	  
eccentric	  loading	  and	  active	  muscle	  strain	  rate	  are	  key	  causes	  of	  muscle	  damage	  and	  thus	  injury	  
(Lieber	   &	   Friden,	   1993,	  Wood,	  Morgan	   &	   Proske,	   1993).	   This	  mechanism	   is	   also	   accepted	   in	  
human	  muscle	  as	  a	  key	  factor	  in	  muscle	  injury	  (Proske	  &	  Allen,	  2005,	  Bowers,	  Morgan	  &	  Proske,	  
2004,	   Proske	  &	  Morgan,	   2001),	   and	   has	   been	   highlighted	   as	   a	   cause	   of	   hamstring	   injuries	   in	  
running	   (Schache	   et	   al.,	   2009)	   and	   elbow	  muscle	   injuries	   in	   tennis	   serving	   (Riek,	   Chapman	  &	  
Milner,	  1999).	  	  
The	   aim	   of	   this	   chapter	   is	   therefore	   to	   show	   that	   the	  musculoskeletal	   modelling	   techniques	  
described	  in	  this	  thesis	  give	  physiologically	  reasonable	  predictions	  of	  the	  muscle	  forces	  and	  the	  
muscle	   recruitment	   strategy.	   Individual	   areas	   of	   interest	   highlighted	   in	   this	   thesis	   are	   then	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focussed	  on	  and	  analysed	  in	  terms	  of	  muscle	  forces	  and	  stresses.	  Specifically;	  eccentric	  loading	  
of	  muscles,	  loading	  of	  vulnerable	  structures	  in	  specific	  geometric	  configurations,	  the	  role	  of	  the	  
scapula	   position	   in	   muscle	   recruitment,	   GH	   joint	   stability	   and	   the	   influence	   of	   muscle	  
recruitment	   on	   that	   stability.	   The	   implications	   of	   the	   predicted	   muscle	   forces	   for	   modelling	  
methods,	  performance	  and	  injury	  are	  also	  discussed.	  
	  
Figure	  9.1:	  Example	  of	  concentric	  and	  eccentric	  muscle	  activity.	  
9.2 Methods	  
9.2.1 Modelling	  summary	  
The	  modelling	  methods	   used	   to	   calculate	  muscle	   forces	   during	   pull-­‐ups	   have	  been	  presented	  








	   	  
Model/simulation	  
stage	  
Description	  of	  method	  
Scaling	   Clavicle,	  Scapula,	  Humerus,	  Forearm	  and	  Hand	  each	  scaled	  homogeneously	  (Sections	  
6.2.1	  and	  6.2.3).	  Thorax	  ellipse	  scaled	  based	  height	  of	  subject	  and	  static	  palpation	  
measures	  of	  the	  scapula	  across	  a	  range	  of	  motion	  (Section	  6.2.2).	  
Kinematics	   Joint	  rotations	  used	  have	  been	  presented	  (Chapter	  6).	  The	  SC	  and	  AC	  rotations	  are	  
constrained	  such	  that	  the	  TS	  and	  AI	  of	  the	  scapula	  cannot	  penetrate	  the	  thorax	  ellipse	  
(Section	  7.3).	  Elbow	  and	  SC	  kinematics	  included	  in	  Appendix	  2	  for	  completeness.	  
Inverse	  Dynamics	   External	  force	  applied	  based	  on	  single	  force	  plate	  measurements	  with	  no	  
medial/lateral	  force	  considered	  in	  the	  front	  and	  reverse	  pull-­‐ups	  and	  a	  constant	  angle	  
in	  the	  wide	  pull-­‐up	  (Section	  8.4).	  Force	  transformed	  directly	  into	  forearm	  co-­‐ordinate	  
frame	  (Section	  8.4).	  Method	  tested	  in	  Chapter	  10.	  
Muscle	  wrapping	   Shortest	  path	  algorithm	  around	  geometrical	  objects	  representing	  osseous	  geometry.	  
Some	  via	  points	  were	  included	  (Section	  8.2).	  
Load-­‐sharing	   Minimisation	  of	  sum	  of	  squared	  muscle	  stresses.	  Conoid	  ligament	  assumed	  to	  be	  
strained	  at	  10%	  throughout.	  No	  upper	  bound	  applied	  to	  the	  predicted	  muscle	  forces	  
(Sections	  8.5	  and	  8.6.2).	  Constraints	  on	  the	  direction	  of	  the	  elbow	  (Charlton	  2006)	  and	  
GH	  joint	  reaction	  forces	  (Section	  8.3).	  
Table	  9.2:	  Summary	  of	  modelling	  and	  simulation	  methods	  used	   in	  predicting	   the	  muscle	   forces	  presented	   in	   this	  
chapter.	  
9.2.2 Segment	  axes	  
The	   segment	   axes	   used	   to	   describe	   the	   moments	   and	   moment	   arms	   in	   this	   chapter	   are	  
described	  in	  Table	  8.4	  and	  Figure	  8.14.	  Note	  that	  local	  coordinate	  frames	  are	  used	  to	  describe	  
these,	  with	  the	  distal	  segment	  used	  at	  a	  joint.	  
9.2.3 Data	  processing	  
The	  multiple	  strings	  of	  the	  muscles	  presented	  have	  been	  grouped	  for	  conciseness	  according	  to	  
Table	   9.3	   and	   based	  more	   strongly	   on	   insertion	   positions.	   The	   abbreviations	   used	   to	   refer	   to	  
these	  muscles	  are	  also	  described.	  
Where	  muscle	  stress	  is	  presented,	  the	  muscle	  forces	  in	  each	  muscle	  string	  were	  divided	  by	  the	  
corresponding	   PCSA	   value	   (detailed	   in	   Appendix	   4).	   These	   values	   were	   then	   summed	   over	  
multiple	   strings	   of	  muscles,	   where	   appropriate	   (Table	   9.3).	   Summing	   the	   values	   represents	   a	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total	   stress	   in	   the	   musculotendon	   unit	   as	   opposed	   to	   an	   average	   that	   would	   distort	   the	  
cumulative	  effect.	  
Where	  the	  results	  of	  an	  individual	  subject	  are	  presented	  these	  are	  the	  mean	  values	  over	  three	  
trials.	  The	  average	  values	  presented	  are	  the	  mean	  of	  the	  individual	  means	  (over	  three	  trials)	  for	  
the	  specified	  parameter.	  	  
Statistically	   significant	   differences	   were	   found	   between	   the	   kinematics	   of	   the	   three	   types	   of	  
pull-­‐ups	   (Section	   6.3.4).	   The	   differences	   between	   the	   predicted	  muscle	   forces	   in	   these	   three	  
types	   of	   pull-­‐ups	   are	   presented	   here	   but	   statistical	   analyses	   were	   not	   conducted	   for	   all	  
parameters.	  However,	  where	  an	  interpretation	  of	  differences	  resulted	  in	  a	  sensible	  physiological	  
performance	   or	   injury	   understanding,	   then	   these	   differences	   were	   tested	   statistically	   for	  
significance.	  In	  these	  cases	  a	  Shapiro-­‐Wilk	  test	  was	  used	  to	  check	  normality	  of	  the	  data.	  A	  two-­‐
way	   repeated	   measures	   ANOVA	   was	   then	   used	   with	   the	   type	   of	   pull-­‐up	   and	   percentage	   of	  
motion	  (0-­‐100%	  in	  10%	  steps)	  as	  the	  within-­‐subject	  factors	  and	  the	  parameter	  being	  tested	  as	  
the	   dependant	   variable.	   A	   Bonferoni	   post-­‐hoc	   test	   was	   also	   used	   to	   perform	   pair-­‐wise	  
comparisons	  between	  the	  pull-­‐ups.	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Muscle	   Abbreviation	   Elements	  
Trapezius	  (clavicle	  insertion)	   Trap.clav	   3	  
Trapezius	  inferior	  fibres	  (scapula	  insertion)	   Trap.scap	  (in)	   2	  
Trapezius	  superior	  fibres	  (scapula	  insertion)	   Trap.scap	  (su)	   11	  
Levetator	  scapulae	   LS	   4	  
Rhomboid	  minor	   Rmin	   2	  
Rhomboid	  major	   Rmaj	   5	  
Serratus	  anterior	  (superior	  portion)	   SA	  (su)	   3	  
Serratus	  anterior	  (inferior	  portion)	   SA	  (in)	   6	  
Pectoralis	  minor	   P.min	   3	  
Latissimus	  dorsi	   LD	   5	  
Pectoralis	  major	  (clavicle	  origin)	   Pmaj.clav	   5	  
Pectoralis	  major	  (thorax	  origin)	   Pmaj.thor	   5	  
Anterior	  deltoid	   DeltA	   2	  
Middle	  deltoid	   DeltM	   1	  
Posterior	  deltoid	   DeltP	   2	  
Supraspinatus	   SS	   1	  
Infraspinatus	   IS	   3	  
Subscapularis	   SBS	   3	  
Teres	  minor	   T.min	   1	  
Teres	  major	   T.maj	   1	  
Coracobrachialis	   CB	   2	  
Biceps	   BIC	   2	  
Long	  head	  of	  triceps	   TRI.long	   2	  
Medial	  head	  of	  triceps	   TRI.med	   2	  
Lateral	  head	  of	  triceps	   TRI.lat	   2	  
Brachialis	   Bra	   2	  
Anconeous	   Anc	   2	  
Brachioradialis	   BRD	   2	  
Supinator	  humerus	   SUP.hum	   1	  
Pronator	  teres	   PT.hum	   2	  
Costoclavicular	  ligament	   COST	   1	  
Conoid	  ligament	   CON	   1	  
Trapezius	  ligament	   TRAP	   1	  
Table	  9.3:	  Description	  of	  all	  the	  muscles	  in	  the	  NSM	  with	  their	  abbreviation	  and	  the	  number	  of	  elements	  that	  are	  
summed	  in	  the	  presentation	  of	  results	  in	  this	  chapter.	  
9.2.4 Medial	  border	  reaction	  force	  
The	  compressive	  forces	  between	  the	  medial	  border	  of	  the	  scapula	  and	  the	  thorax	  are	  modelled	  
as	   described	   in	   the	  published	   version	  of	   the	  model	   (Charlton	  &	   Johnson,	   2006).	   This	   involves	  
finding	  the	  vector	  normal	  to	  the	  thorax	  ellipse	  that	  passes	  through	  the	  TS	  and	  AI.	  The	  vector	  is	  
then	  treated	  as	  a	  muscle	  in	  the	  load-­‐sharing	  optimiser	  such	  that	  it	  represents	  the	  reaction	  force	  
pulling	  the	  scapula	  away	  from	  the	  thorax	  ellipse.	  Only	  a	  compressive	  force	  between	  these	  two	  
elements	  is	  thus	  considered	  and	  the	  force	  is	  unbounded	  and	  has	  no	  cost	  in	  the	  load-­‐sharing	  cost	  
function.	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9.3 Results	  
9.3.1 Average	  contact	  forces	  
9.3.1.a Medial	  border	  reaction	  force	  
The	   medial	   border	   reaction	   force	   acting	   on	   the	   scapula	   is	   presented	   for	   the	   three	   pull-­‐up	  
motions	  (Figure	  9.2).	  The	  reverse	  motion	  has	  a	  considerably	  higher	  reaction	  force	  than	  the	  other	  
two	  pull-­‐ups	  at	  the	  inferior	  angle.	  All	  motions,	  past	  25%,	  have	  a	  higher	  reaction	  force	  at	  the	  AI	  
than	  the	  TS.	  
	  
Figure	  9.2:	  Average	  reaction	  force	  between	  the	  medial	  border	  of	  the	  scapula	  and	  the	  thorax	  at	  the	  trigonum	  spinae	  
(dashed	  line)	  and	  the	  inferior	  angle	  of	  the	  scapula	  (solid	  line)	  during	  the	  front	  (black),	  wide	  (grey)	  and	  reverse	  (blue)	  
pull-­‐ups.	  Mean	  standard	  deviations	  are	  displayed	  for	  the	  AI	  and	  the	  corresponding	  values	  for	  the	  TS	  are	  42N	  (front),	  
50N	  (wide)	  and	  39N	  (reverse).	  The	  standard	  deviations	  are	  not	  shown	  as	  error	  bars	  for	  clarity	  of	  presentation.	  
The	  position	  and	  direction	  of	   this	   reaction	   force,	  perpendicular	   to	   the	   thorax	  ellipse,	   give	   it	   a	  
potentially	   very	   large	   moment	   arm	   at	   the	   AC	   joint	   around	   the	   medial/lateral	   and	  
superior/inferior	   axes.	   This	   makes	   it	   able	   to	   counteract	   the	   strong	   moments	   applied	   to	   the	  
scapula	   by	   the	   arm	   depressors	   (for	   example	   teres	  major)	   required	   in	   pull-­‐ups.	   The	  moments	  
resulting	  from	  the	  reaction	  force	  and	  their	  feasibility	  will	  be	  discussed.	  
9.3.1.b Glenohumeral	  joint	  reaction	  force	  
The	  GH	  joint	  reaction	  force	  is	  a	  value	  commonly	  presented	  in	  the	  literature.	  It	  indicates	  the	  level	  
of	   loading	   during	   a	  motion.	   Here,	   as	   with	   the	  medial	   border	   reaction	   forces	   and	   the	  muscle	  






















6000N	  (Figure	  9.3).	  The	  values	  for	  the	  front	  and	  wide	  pull-­‐ups	  are	  similar	  to	  each	  other	  and	  the	  
standard	  deviations	   for	  all	   three	  are	  significant.	  These	   findings	  will	  be	  used	   for	  comparison	  to	  
other	  values	  in	  the	  literature.	  
	  
Figure	  9.3:	  Mean	  glenohumeral	   joint	   reaction	   force	  magnitude	   (solid	   lines)	   and	   standard	  deviation	   (dotted	   lines)	  
during	  the	  front,	  wide	  and	  reverse	  pull-­‐ups.	  
9.3.1.c GH	  joint	  stability	  
The	  stability	  of	  the	  GH	  joint	  is	  related	  to	  the	  direction	  of	  the	  reaction	  force	  at	  the	  joint.	  The	  GH	  
joint	   force	   locus,	  orientated	   in	  a	  plane	  parallel	   to	  the	  glenoid,	   is	  shown	  for	  all	  eleven	  subjects	  
and	  during	  the	  three	  pull-­‐ups	  (Figure	  9.4).	  The	  front	  pull-­‐up	  has	  the	  most	  number	  of	  frames	  very	  
close	   (within	  about	  0.5mm)	  to	   the	  edge	  of	   the	  ellipse,	  with	   the	  wide	  pull-­‐ups	  having	  a	  similar	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Figure	  9.4:	  GH	  joint	  force	  locus	  in	  a	  plane	  parallel	  to	  the	  glenoid	  ellipse	  for	  the	  three	  pull-­‐up	  motions.	  The	  number	  
of	  frames	  near	  the	  glenoid	  rim	  represents	  the	  frames	  where	  the	  test	  of	  ellipse	  penetration	  is	  greater	  than	  -­‐0.001	  
(equivalent	  to	  about	  0.5mm;	  Equation	  8.1).	  
9.3.2 Average	  muscle	  force	  results	  
The	  results	  for	  the	  average	  of	  all	  eleven	  subjects	  are	  presented	  first.	  This	  allows	  a	  comparison	  of	  
the	  muscle	  recruitment	  strategies	  across	  the	  three	  pull-­‐ups	  and	  a	  discussion	  of	  the	  feasibility	  of	  
the	  model	  predicted	  results.	  
9.3.2.a Front	  pull-­‐up	  
Mean	  muscle	   forces	  are	  presented	  during	  the	  front	  pull-­‐up	  where	  the	  muscle	   force	  exceeds	  a	  
mean	  of	  6%	  body	  weight	  (Figure	  9.5).	  There	  are	  a	  number	  of	  key	  muscles	  that	  are	  consistently	  
Front	  pull-­‐up:	  
19.6%	  of	  frames	  near	  rim	  
Wide	  pull-­‐up:	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used	   throughout	   the	   motion	   and	   across	   all	   subjects:	   latissimus	   dorsi	   (LD),	   posterior	   deltoid	  
(DeltP),	   subscapularis	   (SBS),	   teres	   major	   (Tmaj)	   and	   brachialis	   (BRA).	   The	   scapula	   stabilisers	  
(Trapezius,	  rhomboid	  major	  and	  serratus	  anterior)	  seem	  to	  work	   in	  combination,	  although	  the	  
role	  of	  the	  rhomboid	  major	  seems	  inconsistent	  between	  subjects	  (Figure	  9.5).	  
	  
Figure	  9.5:	  Mean	  muscle	  force	  per	  body	  weight	  during	  the	  front	  pull-­‐up	  (n	  =	  11).	  The	  alternating	  colours	  represent	  
different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y-­‐axis	  of	  the	  graph,	  then	  subject	  
s2	  (grey)	   is	  stacked	  on	  top,	  the	  subject	  s3	  (black)	  on	  top	  etc.,	  with	  alternating	  colours,	  each	  with	  a	  white	  border.	  
Muscles	  shown	  had	  a	  mean	  force	  greater	  than	  6%	  of	  body	  weight.	  
The	  maximum	  muscle	  forces	  are	  presented	  for	  muscles	  whose	  maximum	  exceeds	  12%	  of	  body	  
weight	  during	   the	   front	  pull-­‐up	   (Figure	  9.6).	  These	  values	  are	  more	   likely	   to	  highlight	  muscles	  
that	  have	  peaks	  during	  a	  movement.	   In	  addition	  to	  those	  already	  shown	  to	  be	   important,	   the	  
rotator	  cuff,	  middle	  deltoid	  (DeltM)	  and	  the	  triceps	  brachii	  appear	  to	  have	  an	  important	  role.	  
The	   average	   pattern	   of	   muscle	   stress	   during	   the	   front	   pull-­‐up	   shows	   the	   muscles	   that	   are	  
actuating	  particular	  areas	  of	  the	  motion	  (Figure	  9.7).	  It	  should	  be	  noted	  that	  there	  are	  significant	  
standard	  deviations	   across	   the	  11	   subjects	   averaged;	   this	   is	   expected	   given	   the	   inter-­‐subjects	  
differences	   in	  kinematics	   (Section	  6.3.2).	  Figure	  9.5	  and	  Figure	  9.6	  give	  an	   indication	  of	  where	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these	   variations	   are	   large,	   for	   example	   the	   rotator	   cuff	   and	   triceps	   are	   active	   but	   variable	  
between	   subjects.	   However,	   a	   description	   of	   the	   average	   pattern	   is	   useful	   for	   comparison	   to	  
other	   motions	   and	   as	   a	   means	   to	   highlight	   gross	   muscle	   function.	   Presentation	   of	   this	   is	  
common	   practice	   (Dorn,	   Schache	   &	   Pandy,	   2012,	   Lin	   et	   al.,	   2004,	   van	   der	   Helm	   &	   Veeger,	  
1996b).	  
	  
Figure	   9.6	   Maximum	   muscle	   force	   per	   body	   weight	   during	   the	   front	   pull-­‐up	   (n	   =	   11).	   The	   alternating	   colours	  
represent	  different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y	  axis	  of	  the	  graph,	  
then	   subject	   s2	   (grey)	   is	   stacked	  on	   top,	   the	   subject	   s3	   (black)	  on	   top	  etc.,	  with	  alternating	   colours,	   each	  with	  a	  
white	  border.	  Muscles	  shown	  have	  a	  maximum	  force	  greater	  than	  12%	  of	  body	  weight.	  






























Figure	  9.7:	  Average	  muscle	  stress	  during	  the	  front	  pull-­‐up	  (n=11)	  for	  each	  of	  these	  groups:	  (a)	  scapula	  stabilisers,	  (b)	  
arm	  adductors	  and	  (c)	  elbow	  muscles.	  Muscles	  with	  more	  than	  a	  12%	  body	  weight	  maximum	  force	  shown.	  
9.3.2.b Wide	  pull-­‐up	  
Mean	  muscle	   forces,	   for	  all	  eleven	  subjects,	  are	  presented	  during	   the	  wide	  pull-­‐up	  where	   the	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major	  are	  again	  important;	  while	  the	  posterior	  deltoid	  and	  brachialis	  are	  still	  among	  the	  more	  
stressed	  muscles	  but	  are	  relatively	  less	  active.	  The	  subscapularis	  has	  an	  important	  role,	  as	  in	  the	  
front	  motion,	  but	  this	  is	  quite	  variable	  between	  subjects.	  The	  rhomboid	  major	  also	  has	  a	  more	  
important	  role	  amongst	  the	  scapula	  stabilizers.	  
	  
Figure	  9.8:	  Mean	  muscle	  force	  per	  body	  weight	  during	  the	  wide	  pull-­‐up	  (n	  =	  11).	  The	  alternating	  colours	  represent	  
different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y-­‐axis	  of	  the	  graph,	  then	  subject	  
s2	  (grey)	   is	  stacked	  on	  top,	  the	  subject	  s3	  (black)	  on	  top	  etc.,	  with	  alternating	  colours,	  each	  with	  a	  white	  border.	  
Muscles	  shown	  had	  a	  mean	  force	  greater	  than	  6%	  of	  body	  weight.	  
The	  maximum	  values	  during	  the	  wide	  pull-­‐up	  show	  significant	  roles	  for	  the	  triceps,	  subscapularis	  
and	   infraspinatus	  (Figure	  9.8).	  The	  force	   in	  the	   infraspinatus	  and	  subscapularis	  does	  appear	  to	  
show	  some	  difference	  between	  subjects.	  	  






















Figure	   9.9:	   Maximum	   muscle	   force	   per	   body	   weight	   during	   the	   wide	   pull-­‐up	   (n	   =	   11).	   The	   alternating	   colours	  
represent	  different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y-­‐axis	  of	  the	  graph,	  
then	   subject	   s2	   (grey)	   is	   stacked	  on	   top,	   the	   subject	   s3	   (black)	  on	   top	  etc.,	  with	  alternating	   colours,	   each	  with	  a	  
white	  border.	  Muscles	  shown	  had	  a	  maximum	  force	  greater	  than	  12%	  of	  body	  weight.	  
The	  average	  pattern	  of	  muscle	  stress	  during	  the	  wide	  motion	  indicates	  more	  of	  a	  focus	  on	  a	  few	  
muscles	   to	   actuate	   the	   wide	   pull-­‐up	   (Figure	   9.10);	   with	   the	   infraspinatus	   and	   trapezius	  
particularly	  important	  at	  the	  start	  of	  the	  motion;	  the	  rhomboid	  major,	  teres	  major	  and	  brachialis	  
through	   the	  middle;	   and	   then	   the	   subscapularis,	   long	   head	   of	   triceps	   and	   serratus	   becoming	  
active	  towards	  the	  top.	  The	  latissimus	  is	  highly	  stressed	  throughout.	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Figure	  9.10:	  Average	  muscle	  stress	  during	  the	  wide	  pull-­‐up	  (n=11)	  for	  each	  of	  these	  groups:	  (a)	  scapula	  stabilisers,	  
(b)	  arm	  adductors	  and	  (c)	  elbow	  muscles.	  Muscles	  with	  more	  than	  a	  12%	  body	  weight	  maximum	  force	  shown.	  
9.3.2.c Reverse	  pull-­‐up	  
The	  mean	  muscle	  forces,	  for	  all	  eleven	  subjects,	  are	  presented	  during	  the	  reverse	  pull-­‐up	  where	  
the	   overall	   mean	   muscle	   force	   exceeds	   6%	   body	   weight	   (Figure	   9.11).	   The	   forces	   are	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posterior	  deltoid	  where	  the	  muscle	  forces	  are	  consistently	  around	  two	  times	  body	  weight	  (1400	  
N	   in	  median	   subject).	   The	   rotator	   cuff,	   latissimus	   dorsi,	   long	   head	   of	   triceps	   and	   the	   scapula	  
stabilisers	   are	   also	   active.	   Surprisingly	   for	   an	   activity	   anecdotally	   actuated	   by	   the	   bicep	   this	  
muscle	  seems	  unimportant	  (BIC;	  Figure	  9.11).	  
	  
Figure	   9.11:	   Mean	   muscle	   force	   per	   body	   weight	   during	   the	   reverse	   pull-­‐up	   (n	   =	   11).	   The	   alternating	   colours	  
represent	  different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y-­‐axis	  of	  the	  graph,	  
then	   subject	   s2	   (grey)	   is	   stacked	  on	   top,	   the	   subject	   s3	   (black)	   on	   top	   etc.	  with	   alternating	   colours,	   each	  with	   a	  
white	  border.	  Muscles	  shown	  had	  a	  mean	  force	  greater	  than	  6%	  of	  body	  weight.	  
The	  maximum	  muscle	   forces	   are	  presented	   for	   all	   eleven	   subjects	  where	   the	  maximum	   force	  
exceeds	  12%	  body	  weight	  (Figure	  9.12).	  This	  re-­‐emphasises	  the	  importance	  of	  teres	  major,	  the	  
posterior	   deltoid,	   the	   rotator	   cuff,	   latissimus	   dorsi,	   long	   head	   of	   triceps	   and	   the	   scapula	  
stabilisers.	  In	  contrast	  to	  the	  front	  and	  wide	  pull-­‐ups	  pectoralis	  major	  has	  a	  more	  significant	  role	  
in	  the	  reverse	  pull-­‐up.	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Figure	  9.12:	  Maximum	  muscle	   force	  per	  body	  weight	  during	   the	  reverse	  pull-­‐up	   (n	  =	  11).	  The	  alternating	  colours	  
represent	  different	  subjects	  in	  a	  stacked	  bar	  chart.	  Subject	  s1	  (black)	  is	  the	  bars	  closest	  to	  the	  y-­‐axis	  of	  the	  graph,	  
then	   subject	   s2	   (grey)	   is	   stacked	  on	   top,	   the	   subject	   s3	   (black)	  on	   top	  etc.,	  with	  alternating	   colours,	   each	  with	  a	  
white	  border.	  Muscles	  shown	  had	  a	  maximum	  force	  greater	  than	  12%	  of	  body	  weight.	  
The	   average	   pattern	   of	  muscle	   stress	   during	   the	   reverse	   pull-­‐up	   is	  more	   distributed	   than	   the	  
other	   pull-­‐ups	   (Figure	   9.13).	   The	   activation	   of	   the	   pectoralis	   major	   at	   the	   beginning	   of	   the	  
motion	  and	  the	  long	  head	  of	  triceps	  throughout	  is	  also	  notably	  different.	  































Figure	  9.13:	  Average	  muscle	  stress	  in	  the	  reverse	  pull-­‐up	  (n=11)	  for	  each	  of	  these	  groups:	  (a)	  scapula	  stabilisers,	  (b)	  
arm	  adductors	  and	  (c)	  elbow	  muscles.	  Muscles	  with	  more	  than	  a	  12%	  body	  weight	  maximum	  force	  shown.	  
9.4 Discussion	  
The	  aim	  of	   this	  chapter	  was	   to	  determine	  how	  the	   individual	  muscle	   forces	   in	   the	  upper	   limb	  
actuate	  the	  pull-­‐up	  activity.	  Specifically,	  how	  the	  kinematics	  of	  the	  scapula	  and	  upper	  limb	  affect	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outcomes	  need	  to	  be	  discussed.	  Given	  the	   large	  amount	  of	  data	  output	   from	  musculoskeletal	  
modelling	  of	  eleven	  subjects,	  each	  pull-­‐up	  activity	  will	  be	  discussed	  in	  terms	  of	  average	  patterns	  
primarily	  and	  then	  some	  specific	  interactions	  will	  be	  explored	  in	  more	  depth.	  
9.4.1 Average	  contact	  forces	  
9.4.1.a Medial	  border	  reaction	  force	  
The	  medial	  border	  reaction	  force	  is	  determined	  in	  the	  load-­‐sharing	  optimisation	  (as	  described	  in	  
Section	   9.2.4).	   This	   means	   that	   there	   is	   a	   potential	   for	   the	   force	   to	   act	   like	   a	   muscle	   and	  
effectively	   actuate	   the	   movement,	   which	   would	   be	   unrealistic	   for	   a	   passive	   reaction	   force.	  
However,	  given	  that	  the	  direction	  of	  this	  reaction	  force	  is	  perpendicular	  to	  the	  thorax	  ellipse	  this	  
is	  unlikely	  here.	  The	  average	  moments	  exerted	  by	   the	  muscles	  at	   the	   scapula	   (around	   the	  AC	  
joint)	   are	   shown	   for	   the	   front	   pull-­‐up,	   including	   the	  moments	   created	   by	   the	   reaction	   force	  
(Figure	   9.14).	   This	   demonstrates	   the	   action	   of	   the	   medial	   border	   force	   in	   the	   load-­‐sharing	  
optimisation.	  Similar	  patterns	  are	  present	  in	  the	  other	  pull-­‐up	  activities,	  but	  these	  are	  presented	  
separately	  later	  (Figures	  9.24	  and	  9.25).	  
Figure	  9.14a	  shows	  the	  medial	  border	  reaction	  force	  working	  against	  three	  key	  muscles	  at	  the	  
GH	   joint	   to	   equilibrate	   the	   required	   scapula	   moment	   around	   the	   medial/lateral	   axis	   of	   the	  
scapula.	  The	  key	  muscles	  in	  this	  case	  are	  teres	  major,	  posterior	  deltoid	  and	  subscapularis	  (Figure	  
9.18)	  all	  of	  which	  have	  important	  roles	  at	  the	  GH	  joint	  (Section	  9.4.2.a).	  These	  muscles	  also	  act	  
as	  strong	  de-­‐stabilisers	   in	  posterior	  tilt	  of	  the	  scapula,	  providing	  a	   large	  excess	  moment	   in	  the	  
required	  direction	  thus	  requiring	  a	  strong	  opposing	  moment	  (Figure	  9.14a).	  Some	  muscles	  are	  
capable	   of	   actuating	   the	   opposing	   rotation:	   coracobrachialis,	   pectoralis	   minor	   and	   the	   short	  
head	   of	   biceps.	   These	   muscles	   are	   the	   most	   effective	   but	   are	   not	   nearly	   as	   mechanically	  
advantageous	  as	  the	  medial	  border	  force,	  particularly	  at	  the	  inferior	  angle	  (AI;	  Figure	  9.15).	  Also,	  
these	  muscles	   do	   not	   appear	   to	   be	   active	   during	   the	   pull-­‐ups	   in	   general	   (Section	   9.3.2).	   The	  
rhomboids	   and	   trapezius	   have	   a	  weak	  moment	   arm	   in	   this	   direction	   (Figure	   9.15).	   However,	  
these	   muscles	   all	   have	   a	   physiological	   cost	   whereas	   the	   reaction	   force	   does	   not	   and	   so	   will	  
generally	   be	   favoured	   by	   the	   load-­‐sharing	   cost	   function,	   although	   it	  will	   induce	   a	   cost	   in	   the	  






Figure	  9.14:	  Average	  moments	  exerted	  around	  the	  three	  axes	  of	  the	  scapula.	  Only	  muscles	  providing	  at	  least	  10%	  of	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Figure	  9.15:	  Average	  scapula	  posterior	  tilt	  moment	  arms	  of	  muscles	  and	  the	  inferior	  angle	  (AI)	  capable	  of	  anteriorly	  
tilting	  the	  scapula.	  
Looking	  at	   the	   internal/external	   rotation	  axis	  of	   the	  scapula	   (Figure	  9.14b)	   it	  can	  be	  seen	  that	  
the	   scapulothoracic	  muscles	   are	   playing	   an	   important	   role	   in	   providing	   the	   external	   rotation	  
moment	  required.	  Rhomboid	  major,	  trapezius	  and	  serratus	  anterior	  all	  appear	  to	  be	  well	  suited	  
to	   this	   (Figure	   9.14),	   considering	   their	   reasonably	   low	   levels	   of	   stress	   (Figure	   9.7a).	   These	  
muscles	  have	  been	  described	  previously	  as	  counteracting	  the	  medial	  border	  reaction	  force	  and	  
maintaining	   the	   scapula	   medial	   border	   close	   to	   the	   thorax	   (van	   der	   Helm,	   1994b).	   This	   is	  
confirmed	  here	  where	  they	  are	  seen	  to	  counteract	  the	   large	   internal	  rotation	  moment	  caused	  
by	  the	  reaction	  force.	  
The	  anterior/posterior	  tilt	  axis	  of	  the	  scapula	  shows	  that	  the	  medial	  border	  reaction	  force	  and	  
rhomboid	  major	   are	   opposing	   the	   required	  moment	   in	   this	   plane	   (Figure	   9.14c).	   So,	   it	   seems	  
that	  the	  primary	  action	  of	  the	  medial	  border	  reaction	  force,	  in	  terms	  of	  reducing	  the	  sum	  of	  the	  
squared	  muscle	  stresses,	  is	  to	  oppose	  the	  strong	  posterior	  tilt	  of	  the	  scapula	  by	  the	  depressors	  
of	   the	   arm	   (Figure	   9.14a).	   Although	   this	   leads	   to	   a	   strong	   moment	   opposing	   the	   required	  
external	   rotation	   of	   the	   scapula	   the	   scapulothoracic	   muscles	   are	   well	   suited	   to	   oppose	   this	  
moment	   (Figure	   9.14b).	   There	   is	   also	   a	   small	   downward	   rotation	   moment	   (particularly	  
influencing	  serratus	  anterior;	  Figure	  9.14c).	  This	  reaction	  force	  can	  thus	  be	  seen	  to	  result	  from	  
the	  strong	  muscles	  of	  the	  GH	  joint	  pulling	  the	  inferior	  portion	  of	  the	  scapula	  into	  the	  rib	  cage.	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The	  determination	  of	  the	  reaction	  force	  using	  an	  optimisation	  approach	  may	  not	  be	  appropriate	  
in	   all	   movements.	   However,	   determination	   of	   this	   reaction	   force	   is	   not	   possible	   with	   simple	  
mechanics.	  This	  optimisation	  approach	  may	  make	  some	  physiological	  sense	  given	  that	  the	  force	  
with	  which	  the	  muscles	  actuate	  the	  scapula	  will	  significantly	  influence	  the	  reaction	  force.	  Thus	  
the	   human	   control	   mechanism	   will	   have	   to	   consider	   this	   effect.	   In	   the	   pull-­‐up	   activities	   the	  
reaction	  force	  appears	  to	  provide	  a	  logical	  description	  of	  a	  reaction	  force.	  
There	  were	  no	  bounds	  to	  the	  reaction	  force	  and	  no	  direct	  physiological	  cost	  in	  the	  load-­‐sharing	  
cost	  function.	  This	   is	  a	  significant	  assumption	  although,	  as	  noted,	  a	   large	  reaction	  force	  would	  
necessitate	   the	  activation	  of	  a	  number	  of	  other	  muscles	   that	  would	   then	  have	  a	  physiological	  
cost.	   Fairly	   large	   reaction	   forces	   of	   up	   to	   800N,	   just	   above	   body	  weight,	   occur	   at	   the	  medial	  
border	  in	  the	  reverse	  pull-­‐up	  where	  significantly	  larger	  muscle	  forces	  are	  predicted	  as	  compared	  
to	  the	  other	  pull-­‐ups	  (Figure	  9.13).	  The	  reaction	  forces	  in	  the	  other	  two	  pull-­‐ups	  peak	  at	  about	  
400N	   (taking	   into	   account	   standard	   deviation	   from	   the	   average;	   Figure	   9.2).	   The	   reasons	   for	  
these	  differences	  between	  the	  activities	  will	  be	  discussed	  (Section	  9.4.2.f).	  The	   larger	  reaction	  
force	   in	   the	   reverse	   pull-­‐up	   arises	   from	   the	   higher	   muscle	   forces	   required,	   as	   shown	   above	  
during	  the	  front	  motion.	  
The	  stress	  required	  to	  break	  a	  rib	  in	  three-­‐point	  bending	  has	  been	  shown	  to	  be	  around	  135	  MPa	  
(Cormier,	  1998).	  If	  the	  area	  of	  the	  point	  of	  contact	  at	  the	  AI	  is	  assumed	  to	  be	  1	  cm2	  that	  would	  
result	  in	  an	  applied	  stress	  of	  4	  MPa	  in	  the	  wide	  or	  front	  pull-­‐up,	  or	  10	  MPa	  in	  the	  reverse	  pull-­‐
up.	   This	   indicates	   that	   the	   force	   is	   well	   below	   in	   either	   case	   although	   the	   value	   during	   the	  
reverse	  pull-­‐up	  is	  fairly	  high.	  The	  scapula	  would	  likely	  fracture	  before	  the	  ribs	  and	  crucially	  it	  is	  
not	   a	   reported	   problem	   with	   pull-­‐ups	   that	   people	   suffer	   fractured	   ribs.	   The	   values	   in	   the	  
literature	   for	  modelled	   reaction	   forces	   during	   unloaded	   abduction	  were	   15%	   of	   body	  weight	  
(Charlton	   &	   Johnson,	   2006,	   van	   der	   Helm,	   1994b).	   The	   values	   here	   between	   50-­‐110%	   body	  
weight	  in	  the	  pull-­‐ups	  therefore	  seem	  reasonable,	  given	  that	  the	  loading	  is	  likely	  to	  be	  at	  least	  
10	  times	  the	  weight	  of	  the	  arm	  when	  considering	  a	  simple	  free	  body	  diagram	  analysis	  (Winter,	  
2009).	  
The	  muscular	  control	  system	   is	   likely	   to	  have	  some	  cost	  associated	  with	  high	  pressures	  at	   the	  
medial	   border	   due	   to	   pain	   and	   potential	   compression	   of	   muscles	   like	   the	   subscapularis	   and	  
serratus	  anterior	  (Figure	  9.16).	  Compression	  and	  damage	  of	  the	  long	  thoracic	  nerve	  in	  traumatic	  
events	   such	   as	   road	   traffic	   accidents	   is	   a	   common	   cause	   of	   scapula	   winging	   (Martin	   &	   Fish,	  
Chapter	  9	  
	   293	  
2008).	  The	   scapula	   inferior	  angle	  has	  been	  observed	   to	  come	  within	  1.5cm	  of	   this	  nerve	  with	  
subjects	   in	   position	   for	   a	   posterolateral	   thoracotomy	   (arm	   in	   sagittal	   plane	   and	   elevated	   to	  
about	   90°	   under	   no	   loading;	   Salazar	   et	   al.,	   1998).	   Thus	   in	   the	   extreme	   elevated	   and	   forward	  
flexed	  position	  of	   the	   reverse	  pull-­‐up	   there	  may	  be	  a	   risk	  of	   contact	  between	   these	  and	   thus	  
compression.	   This	   pressure	   may	   be	   too	   small	   to	   cause	   injury	   and,	   although	   repeated	   high	  
loading	  may	  have	   the	  potential	   to	   contribute	   to	   this	   effect,	   this	   is	   fairly	   speculative	   and	   little	  
data	  exists	  for	  the	  proximity	  of	  these	  structures	  in	  these	  positions.	  
	  
Figure	   9.16:	   Position	  of	   the	   scapula	   (labelled)	   relative	   to	   the	   long	   thoracic	   nerve	   (labelled)	   and	   serratus	   anterior	  
muscles	  (grey	  bands).	  Figure	  from	  (Salazar	  et	  al.,	  1998)	  	  
Testing	  the	  compressive	  force	  is	  extremely	  difficult	  in	  vivo;	  therefore	  cadaver	  experiments	  may	  
be	   a	   sensible	   starting	   point	   although	   crucially	   these	  would	   not	   take	   into	   account	   the	  muscle	  
forces.	  Other	  models	   have	   used	   a	   similar	  method	   to	   consider	   this	   reaction	   force,	   finding	   it	   a	  
reasonable	  method	  (van	  der	  Helm,	  1994b).	  
The	   separation	   of	   the	   scapula	   from	   the	   thorax,	   discussed	   in	   Chapter	   8,	   is	   a	   concern	   in	  
determining	  the	  direction	  of	  the	  reaction	  force.	  However,	  the	  separation	  at	  the	  AI	  is	  small	  and	  
this	  is	  where	  the	  force	  and	  thus	  the	  moments	  are	  primarily	  generated	  (Figure	  9.2).	  The	  presence	  
of	  a	  reaction	  force	  at	  the	  TS	  is	  physiologically	  strange	  if	  there	  is	  a	  significant	  separation	  between	  
the	   landmark	   and	   the	   thorax,	   although	   compression	   of	   the	   soft	   tissue	   would	   support	   some	  
minimal	  force.	  
In	  summary,	   the	  reaction	   force	  between	  the	  medial	  border	  of	   the	  scapula	  and	  the	  thorax	  has	  
been	  shown	  to	  behave	  in	  a	  sensible	  way	  in	  response	  to	  the	  strong	  activation	  of	  muscles	  pulling	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the	  inferior	  portion	  of	  the	  scapula	  into	  the	  rib	  cage.	  The	  magnitude	  of	  the	  force	  has	  been	  shown	  
to	  be	  feasible,	  and	  the	  presence	  of	  a	  reaction	  force	  shown	  to	  be	  important	  for	  scapula	  stability.	  
9.4.1.b Glenohumeral	  joint	  contact	  force	  
The	  mean	  GH	   joint	   contact	   forces	  have	  been	  presented	   for	   the	   three	   types	  of	  pull-­‐up	   (Figure	  
9.3).	  Table	  9.4	  details	  the	  peak	  GH	  forces	  in	  the	  literature	  as	  a	  means	  of	  comparison.	  
It	  should	  be	  noted	  that	  the	  first	  study	  shown	  (Anglin,	  Wyss	  &	  Pichora,	  1997)	  did	  not	   include	  a	  
developed	  elbow	  model	  and	  preliminary	  experiments	  apparently	  indicated	  “much	  lower	  contact	  
forces”	  with	  the	  use	  of	  the	  DSEM	  (van	  der	  Helm,	  1994a).	  The	  DSEM	  is	  more	  similar	  to	  the	  NSM	  
used	  here	  (Chapter	  4).	  
The	  joint	  reaction	  forces	  found	  in	  this	  study	  for	  the	  front	  and	  wide	  pull-­‐ups	  seem	  reasonable,	  if	  
low,	   when	   compared	   to	   other	   less	   strenuous	   activities	   in	   comparable	   models.	   Activities	   like	  
wheelchair	  propulsion	  and	  weight	  relief	   lift	  will	   tend	  to	  have	  their	  significant	  forces	  applied	   in	  
fairly	   extreme	   extension	   of	   the	   humerus	   relative	   to	   the	   scapula.	   This	   may	   require	   large	  
activation	  of	  the	  rotator	  cuff	   (Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  2002)	  to	  provide	  stability	   in	  
the	  joint	  that	  could	  lead	  to	  particularly	  high	  joint	  reaction	  forces.	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Activity	   Peak	  GH	  force	  	  (F	  /	  BW)	   Reference	  
Sitting	  and	  standing	   2.9	   (Anglin,	  Wyss	  &	  Pichora,	  1997)	  
Lifting	  a	  10kg	  suitcase	   2.7	   (Anglin,	  Wyss	  &	  Pichora,	  1997)	  
Lifting	  5kg	  box	  (2	  hands)	   1.9	   (Anglin,	  Wyss	  &	  Pichora,	  1997)	  
Wheelchair	  propulsion	  (20W	  5km/hr)	   1.7	   (Veeger,	  Rozendaal	  &	  van	  der	  Helm,	  
2002)	  
Wheelchair	  propulsion	  (*40%	  resistance)	   2.7	   (van	  der	  Helm	  &	  Veeger,	  1996b)	  
Tip	  and	  push	  containers	  on	  two	  wheels	  
(40-­‐74kg	  and	  300N	  pushing,	  200N	  pulling)	   2.7	   (Kuijer	  et	  al.,	  2003)	  
Weight	  relief	  lift	  (paraplegic	  subjects)	   1.6	   (van	  Drongelen	  et	  al.,	  2005)	  
Chin-­‐up	  (similar	  to	  reverse	  pull-­‐up)	   4.5	   (Runciman,	  1993)	  
Wheelchair	  propulsion	   1.2	   (Westerhoff	  et	  al.,	  2011)	  
Slow	  abduction	  with	  2kg	   1.8	   (Bergmann	  et	  al.,	  2011)	  
Slow	  flexion	  with	  2kg	   1.6	   (Bergmann	  et	  al.,	  2011)	  
Normal	  walking	  (hip	  contact	  force)	   2.4	   (Bergmann	  et	  al.,	  2001)	  
Standing	  on	  2-­‐1-­‐2	  legs	  (hip	  contact	  force)	   2.4	   (Bergmann	  et	  al.,	  2001)	  
Jumping	  (hip	  contact	  force)	   5.8	   (Cleather,	  2010)	  
Front	  pull-­‐up	   3.1	   This	  study	  
Wide	  pull-­‐up	   2.6	   This	  study	  
Reverse	  pull-­‐up	   8.8	   This	  study	  
Table	   9.4:	   Values	   for	   the	   peak	   GH	   joint	   reaction	   force	   from	   some	   relevant	   studies	   in	   the	   literature.	   Values	   are	  
displayed	  as	  a	  proportion	  of	  body	  weight	  and	  represent	  the	  maximum	  of	  the	  mean	  across	  subjects.	  Values	  in	  italics	  
refer	  to	  in	  vivo	  data.*40%	  resistance	  refers	  to	  the	  percentage	  of	  the	  maximum	  voluntary	  moment.	  
The	  forces	  in	  the	  reverse	  motion	  are	  rather	  high,	  but	  seem	  to	  be	  in	  line	  with	  the	  other	  similar	  
study	   when	   the	   reduced	   musculature	   in	   that	   study	   (Runciman,	   1993)	   is	   considered.	   The	  
limitations	   of	   the	   reverse	   pull-­‐up	   results	   in	   (Runciman,	   1993)	   have	   already	   been	   discussed	  
(Section	  9.1)	  with	   the	   lack	  of	   scapula	  dynamics	  and	   the	   resulting	   reduction	   in	   latissimus	  dorsi	  
activation	  potentially	  causing	  a	  reduced	  level	  in	  the	  calculated	  GH	  reaction	  force.	  A	  comparison	  
to	  hip	  joint	  contact	  forces	  measured	   in	  vivo	  (Bergmann	  et	  al.,	  2001)	  reveals	  a	  close	  agreement	  
between	  simple	  tasks	  and	  the	  front	  and	  wide	  pull-­‐ups.	  This	  comparison	  seems	  sensible	  given	  the	  
load-­‐bearing	  nature	  of	   the	  pull-­‐up	  activity.	  A	  more	  extreme	   lower	   limb	  activity	   (jumping)	   falls	  
between	  the	  predicted	  values	  for	  the	  front	  and	  reverse	  pull-­‐ups.	  
These	   results	   are	   encouraging	   since	   they	   show	   that	   the	   joint	   reaction	   forces	   are	   in	   a	   similar	  
range	  to	  what	  may	  be	  comparable	  tasks.	  The	  reverse	  pull-­‐up	  forces	  seem	  rather	  high	  and	  the	  
reasons	  for	  this	  will	  be	  discussed.	  The	  front	  and	  wide	  pull-­‐up	  values	  may	  be	   low	  but	  a	  stricter	  
stability	   constraint	   may	   increase	   those	   values	   (Section	   9.4.1.c).	   The	   fact	   that	   the	   solution	   is	  
unbounded	   will	   also	   reduce	   the	   predicted	   joint	   reaction	   forces	   (Section	   8.6.2),	   since	   it	   is	   an	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optimal	  solution.	  If	  the	  activation	  of	  muscles	  like	  teres	  major	  and	  latissimus	  dorsi	  were	  reduced	  
then	  less	  efficient	  muscles	  would	  need	  to	  be	  activated,	  increasing	  the	  total	  energy	  required	  and	  
thus	  the	  joint	  reaction	  forces.	  
9.4.1.c GH	  joint	  stability	  
The	  wide	   pull-­‐up	   has	   been	   shown	   to	   have	   a	   particular	   risk	   of	   joint	   instability	   with	   the	   force	  
vector	   falling	  close	   to	   the	  edge	  of	   the	  glenoid	   rim	  at	   the	  start	  of	   the	  motion	   (Figure	  9.4).	  The	  
front	  pull-­‐up	  shows	  a	  similar	  pattern	  with	  some	  tendency	  at	  the	  top	  of	  the	  motion	  as	  well.	  This	  
tendency	  could	  be	  caused	  by	  a	  relatively	  large	  activation	  of	  the	  middle	  deltoid	  at	  the	  top	  of	  the	  
motion	  as	   compared	   to	   the	  other	  pull-­‐ups	   (Figure	  9.7b);	   this	  particular	   case	  will	   be	  discussed	  
later.	  The	  reverse	  motion	  shows	  the	  most	  centralised	  GH	  joint	  reaction	  force	  (Figure	  9.4).	  Figure	  
9.17	  shows	  the	  stress	  in	  the	  rotator	  cuff	  as	  a	  proportion	  of	  the	  total	  muscle	  stress	  crossing	  the	  
GH	   joint.	  This	   shows	   that	   the	   reverse	  pull-­‐up	  has	  proportionally	  more	   rotator	  cuff	   stress	   than	  
the	   other	   motions,	   which	   would	   seem	   to	   indicate	   that	   the	   activation	   of	   these	   muscles	  
centralises	  the	  GH	  joint	  reaction	  force	  more	  than	  other	  muscles.	  
The	  locus	  of	  the	  GH	  reaction	  force	  starts	  at	  the	  posterior	  and	  inferior	  portion	  of	  the	  glenoid	  and	  
travels	   superiorly	   and	   anteriorly	   in	   all	   three	   pull-­‐ups	   (Figure	   9.4).	   The	   starting	   position	   is	  
expected	  since	  the	  humerus	  is	  at	  a	  high	  elevation	  angle	  and	  teres	  major	  and	  latissimus	  dorsi	  in	  
particular	   are	   working	   to	   depress	   the	   arm.	   These	   muscles	   have	   an	   action	   that	   will	   pull	   the	  
humerus	  inferiorly	  and	  posteriorly.	  
	  
Figure	  9.17:	  Stress	   in	   the	   rotator	   cuff	  as	  a	  percentage	  of	   the	   total	  muscle	   stress	   crossing	   the	  GH	   joint.	  The	   front	  
(black),	  wide	  (grey)	  and	  reverse	  (blue)	  pull-­‐ups	  are	  shown.	  *	  indicates	  significance	  at	  p<0.05	  and	  **	  at	  p<0.01	  using	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An	  analysis	  of	  the	  effect	  of	  turning	  off	  the	  constraint	  in	  subjects	  that	  particularly	  rely	  on	  it	  (i.e.	  
their	  locus	  falls	  on	  the	  ellipse)	  may	  reveal	  more	  information	  about	  the	  muscles	  responsible	  for	  
providing	  this	  stability	  (Section	  9.4.4.b).	  
9.4.2 Muscle	  forces	  in	  pull-­‐ups	  
The	  muscle	  forces	  acting	  around	  the	  GH	  joint	  are	  first	  described	  for	  the	  three	  pull-­‐ups	  as	  they	  
are	   seen	   as	   actuating	   the	   primary	   movement	   of	   the	   pull-­‐up	   in	   depressing	   the	   arm.	   The	  
stabilising	  actions	  of	  the	  muscles	  on	  the	  scapula	  are	  then	  described	  for	  the	  three	  pull-­‐ups	  with	  
comparisons	  and	  contrasts	  discussed.	  Finally	  the	  actuation	  of	  the	  elbow	  flexion	  axis	  is	  presented	  
and	  discussed.	  
9.4.2.a Front	  pull-­‐up	  
The	   mean	   predicted	   muscle	   forces	   across	   the	   front	   pull-­‐up	   have	   been	   presented	   for	   each	  
subject	   (Figure	   9.5),	   along	  with	   the	  maximum	   forces	   (Figure	   9.6)	   and	   the	   average	   pattern	   of	  
muscle	  activation	  (Figure	  9.7).	  
There	   are	   four	   key	   muscles	   crossing	   the	   GH	   joint	   that	   appear	   to	   consistently	   contribute	   to	  
actuation	   of	   the	   front	   pull-­‐up	   across	   the	   eleven	   subjects:	   latissimus	   dorsi,	   posterior	   deltoid,	  
teres	  major	  and	  subscapularis	  (Figure	  9.5).	  There	  are	  then	  a	  number	  of	  other	  muscles	  that	  seem	  
to	  contribute	  at	  particular	  points	  through	  the	  activity,	  most	  notably:	  middle	  deltoid,	  rotator	  cuff	  
and	   long	  head	  of	   triceps.	  The	  moments	   that	   these	  muscles	  exert	  around	   the	  GH	   joint	  explain	  
their	  role	  in	  the	  front	  pull-­‐up	  (Figure	  9.18).	  
The	  moments	   provided	   by	   the	   teres	  major,	   latissimus	   dorsi	   and	   posterior	   deltoid	   around	   the	  
humerus	  x-­‐axis	  indicates	  that	  they	  are	  the	  prime	  actuators	  of	  arm	  depression	  in	  the	  front	  pull-­‐
up,	  particularly	  through	  the	  middle	  of	  the	  motion	  (Figure	  9.18a).	  This	  was	  expected	  since	  these	  
muscles	   are	   commonly	   described	   as	   extensors	   and	   adductors	   of	   the	  humerus	   (Ackland	  et	   al.,	  
2008,	  Kapandji,	  1982,	  Inman,	  Saunders	  &	  Abbott,	  1944).	  
The	   long	  head	  of	   triceps	   also	   appears	   to	  play	   a	   role	   at	   the	  end	  of	   the	  motion.	   This	  muscle	   is	  
required	  at	   the	  elbow	   joint	   toward	   the	  end	  of	   the	  motion	  when	   the	  elbows	  move	  posteriorly	  
such	  that	  an	  extension	  moment	  is	  required	  at	  the	  joint	  (Figure	  9.26).	  The	  bi-­‐articular	  action	  of	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the	  muscle	   then	  allows	   the	   triceps	   to	  contribute	   to	   the	   required	  moments	  at	  both	   joints.	  The	  
biceps,	  however,	  counteract	  the	  required	  moment	  around	  the	  humerus	  x-­‐axis.	  
The	  role	  of	  the	  subscapularis	   in	  providing	  a	  strong	  internal	  rotation	  moment	  is	  clear	  when	  the	  
moments	   provided	   around	   the	   long	   axis	   of	   the	   humerus	   are	   considered	   (Figure	   9.18b).	  
However,	   the	   moments	   are	   significantly	   stronger	   in	   the	   second	   half	   of	   the	   motion.	   This	   is	  
understandable	  since	  at	  the	  start	  of	  the	  motion,	  with	  high	  glenohumeral	  elevation,	  the	   line	  of	  
action	  of	  the	  subscapularis	  will	  be	  roughly	  aligned	  with	  the	  long	  axis	  of	  the	  humerus	  giving	  it	  a	  
limited	   internal	   rotation	   moment	   arm.	   This	   pattern	   of	   action	   in	   the	   subscapularis	   has	   been	  
found	  in	  the	  literature	  in	  cadaver	  experiments	  (Ackland	  &	  Pandy,	  2011).	  The	  latissimus	  dorsi	  and	  
teres	  major	  are	  able	  to	  provide	  the	  internal	  rotation	  at	  the	  start	  of	  the	  motion	  and	  continue	  to	  
do	   so	   throughout	   but	   their	   effectiveness	   around	   this	   axis	   reduces	   at	   lower	   levels	   of	   humeral	  
elevation	  and	  increased	  internal	  rotation.	  Interestingly	  the	  biceps	  seem	  to	  play	  a	  role	  internally	  
rotating	  the	  humerus	   from	  about	  10	  –	  60%	  of	   the	  motion.	  This	  was	  highlighted	  as	  a	  potential	  
action	   of	   the	   muscle	   with	   some	   external	   rotation	   of	   the	   humerus	   and	   the	   new	   via	   points	  








Figure	  9.18:	  Average	  moments	  provided	  by	   the	  muscles	  around	   the	  GH	   joint.	  Only	  muscles	  providing	  more	   than	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The	   anterior	  medial	   origin	   of	   the	   pectoralis	  major	   allows	   the	  muscle	   to	  maintain	   an	   internal	  
rotation	   moment	   (Figure	   9.18b)	   while	   also	   providing	   a	   moment	   around	   the	   z-­‐axis	   of	   the	  
humerus	   (Figure	  9.18c).	  However,	   this	  muscle	   is	   inconsistently	   used	  between	   subjects	   and	   so	  
may	  require	  further	  analysis.	  
At	   the	   start	   of	   the	   front	   pull-­‐up	   a	   fairly	   neutral	   moment	   around	   the	   long	   axis	   is	   required,	  
reaching	   5Nm	   at	   15%	   of	   the	  motion.	   During	   this	   time	   the	   depressors	   of	   the	   arm	   need	   to	   be	  
active	   to	   initiate	   the	  motion,	  but	   their	  action	   leads	   to	   the	  contribution	  of	  an	   internal	   rotation	  
moment	   as	  well.	   The	   teres	  minor	   and	   the	   infraspinatus,	   as	   posterior	   elements	   of	   the	   rotator	  
cuff,	  are	  able	  to	  compensate	  for	  this	  (Figure	  9.18b).	  They	  may	  also	  provide	  some	  stability	  to	  the	  
joint	  through	  this	  action,	  and	  this	  effect	  will	  be	  analysed	  (section	  9.4.4.b).	  
It	   is	   also	   noteworthy	   that	   the	   posterior	   deltoid,	   although	   active	   at	   this	   point	   of	   the	   motion	  
(Figure	  9.7),	  provides	  a	  very	  weak	  external	   rotation	  moment.	  This	  was	  also	  observed	  with	  the	  
median	  subject’s	  moment	  arms	  presented	  in	  Chapter	  9.	  Cadaver	  studies	  do	  show	  a	  very	  weak	  
axial	   moment	   arm	   around	   the	   humerus	   in	   flexion	   (Ackland	   &	   Pandy,	   2011),	   increasing	  
confidence	  in	  these	  model	  predictions.	  
Around	  the	  anterior/posterior	  z-­‐axis	  of	  the	  humerus	  the	  teres	  major	  and	  latissimus	  dorsi	  have	  
important	  roles	  in	  the	  adduction	  of	  the	  humerus.	  The	  action	  of	  the	  teres	  major	  actually	  applies	  a	  
moment	  larger	  than	  required	  around	  this	  axis	  (Figure	  9.18c).	  There	  is	  therefore	  a	  need	  for	  co-­‐
contraction	  around	   the	   joint	   to	   reach	  equilibrium.	  The	  posterior	  deltoid,	   already	  employed	   in	  
extending	   the	   GH	   joint	   provides	   some	   of	   this	   through	   the	   middle	   of	   the	   motion	   while	  
supraspinatus	   (SS)	   and	  middle	  deltoid	   (DeltM)	  provide	   the	  majority	  of	   the	   rest	   (Figure	  9.18c).	  
This	  seems	  to	  explain	  the	  relatively	  high	  activation	  in	  the	  posterior	  deltoid	  when	  it	  is	  a	  weaker	  
depressor	  of	  the	  arm	  compared	  to	  teres	  major	  and	  latissimus	  dorsi.	  
The	  activation	  of	  SS	  (up	  to	  ~100	  N/cm2	  on	  average)	  during	  the	  lengthening	  of	  the	  muscle	  (Figure	  
9.19)	  results	  in	  eccentric	  loading.	  As	  highlighted	  in	  the	  introduction	  to	  this	  chapter	  the	  eccentric	  
loading	  of	  muscles	  is	  a	  likely	  cause	  of	  muscle	  damage	  and	  potentially	  injury	  (Section	  9.1).	  It	  has	  
also	  been	  shown	  that	  during	  a	  similar	  pattern	  of	  muscle	  activation	  in	  the	  reverse	  motion	  (Figure	  
8.26c)	  weakness	   in	   the	   posterior	   deltoid	  may	   lead	   to	   even	   higher	   stresses	   in	   the	   SS	   (Section	  
9.1.1a)	   thus	   potentially	   exacerbating	   the	   risk.	   The	   effect	   of	   eccentric	   loading	  may	   also	   be	   to	  
increase	   the	   rate	   of	   fatigue	   in	   the	   muscle	   and	   thus	   necessitate	   increased	   activation	   of	   the	  
middle	  deltoid,	  which	  carries	   its	  own	  risks	   in	  elevating	  the	  humeral	  head	  and	  increasing	   injury	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risk	   (Michener,	  McClure	  &	  Karduna,	   2003).	   The	   injury	   risks	   associated	  with	   the	   supraspinatus	  
activation	  will	  be	  discussed	  in	  Section	  9.4.5.	  
The	  triceps	  provide	  a	  strong	  negative	  moment	  around	  the	  z-­‐axis	  of	  the	  humerus	  at	  the	  end	  of	  
the	  motion	  that	  opposes	  the	  required	  positive	  moment	  (Figure	  9.18c).	  This	  may	  result	  from	  the	  
muscles	   ability	   to	   provide	   the	   required	   elbow	   extension	  moment	   at	   this	   point	   in	   the	  motion	  
(Figure	   9.26).	   The	   middle	   deltoid	   and	   supraspinatus	   compensate	   for	   this	   negative	   moment,	  
giving	  the	  overall	  positive	  moment	  required	  (Figure	  9.18c).	  However,	  this	  also	  necessitates	  that	  
the	  middle	  deltoid	  is	  highly	  stressed	  (average	  maximum	  of	  ~250N/cm2)	  under	  eccentric	  loading	  
(Figure	  9.19).	  
	  
Figure	  9.19:	  Average	  length	  of	  the	  supraspinatus	  (solid)	  and	  middle	  deltoid	  (dashed)	  during	  the	  front	  pull-­‐up.	  
The	   complex	   interaction	   of	   muscle	   activations	   and	   the	   moments	   they	   apply	   at	   the	   GH	   joint	  
during	  the	  front	  pull-­‐up	  have	  thus	  been	  discussed	  for	  the	  average	  of	  eleven	  subjects.	  Particular	  
areas	  of	  interest	  have	  been	  highlighted	  and	  these	  will	  be	  discussed	  further.	  The	  action	  of	  these	  
muscles	  is	  seen	  to	  be	  sensible	  and	  generally	  follows	  the	  expected	  action	  of	  the	  muscles	  of	  the	  
upper	  limb.	  
9.4.2.b Wide	  pull-­‐up	  
The	  wide	  pull-­‐up	  is	  performed	  in	  a	  significantly	  (p<0.05)	  more	  coronal	  plane	  to	  that	  of	  the	  other	  
two	   pull-­‐ups	   (Section	   6.3.4a).	   This	   leads	   to	   differences	   in	   the	   actuation	   of	   the	  movement.	   It	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inferior	   portion	   of	   the	   trapezius,	   rhomboid	   major,	   teres	   major,	   subscapularis,	   IS	   and	   most	  
significantly	  latissimus	  dorsi.	  This	  higher	  stress	  in	  fewer	  muscles	  may	  be	  exaggerated	  by	  the	  fact	  
that	   the	   solution	   is	   unbounded,	   thus	   indicating	   that	   this	   motion	   is	   particularly	   mechanically	  
advantageous	   for	   those	   muscles.	   Since	   multiple	   muscle	   actuation	   is	   not	   enforced	   through	  
muscle	  bounds	   this	  may	   lead	   to	   the	   reliance	  on	  a	   limited	  number	  of	  muscles.	  This	  may	  be	  an	  
explanation	  for	  the	  lower	  overall	  stress	  and	  joint	  contact	  forces	  in	  what	  is	  anecdotally	  a	  difficult	  
activity	  (Stewart,	  2011).	  Teres	  major	  is	  particularly	  active	  with	  a	  mean	  peak	  of	  966N	  that	  more	  
than	  doubles	  its	  original	  upper	  bounds	  of	  410N,	  although	  the	  average	  peak	  value	  does	  fall	  below	  
the	   upper	   bounds	   described	   in	   other	   models	   (Nikooyan	   et	   al.,	   2011,	   Holzbaur	   et	   al.,	   2007b,	  
Garner	  &	  Pandy,	  2001).	  Stability	  may	  also	  be	  important	  in	  the	  lower	  overall	  activation.	  
The	   latissimus	  dorsi	  has	  a	   large	   stress	   relative	   to	   the	  other	  muscles	   in	   the	  wide	  pull-­‐up	  when	  
compared	   to	   the	   front	   and	   reverse	   pull-­‐ups	   (Figure	   9.10).	   This	   is	   reflected	   in	   an	   increased	  
contribution	  to	  the	  moments	  at	  the	  GH	  joint	  (Figure	  9.20),	  although	  this	  increased	  contribution	  
is	   a	   fairly	   small	   increase.	   It	   may	   be	   that	   this	   increase	   has	   another	   role,	   especially	   given	   the	  
similarity	   in	  moment	  arms	   seen	  between	   the	   reverse	  and	  wide	  pull-­‐ups	   (Section	  8.6.1b).	  One	  
theory	  is	  that	  this	  muscle	  may	  act,	  through	  the	  reaction	  force	  at	  the	  GH	  joint,	  to	  pull	  the	  scapula	  
into	  a	  more	  externally	  rotated	  position	  on	  the	  posterior	  portion	  of	  the	  thorax.	  
In	  general	  the	  pattern	  of	  moments	  appears	  to	  be	  similar	  to	  the	  front	  pull-­‐up	  with	  the	  posterior	  
deltoid,	   teres	   major	   and	   latissimus	   dorsi	   providing	   the	   required	   moment	   around	   the	  
medial/lateral	  axis	  (Figure	  9.20a).	  The	  long	  head	  of	  the	  triceps	  also	  contributes	  near	  the	  top	  of	  
the	  motion.	  It	  is	  noticeable	  that	  the	  posterior	  deltoid	  has	  a	  far	  less	  significant	  role	  in	  this	  motion.	  
This	  is	  explicable	  given	  the	  reduced	  moment	  arms	  observed	  in	  the	  muscle	  when	  the	  arm	  is	  more	  
in	  plane	  with	  the	  scapula	  (Section	  8.6.1;	  Ackland	  et	  al.,	  2008).	  The	  thoracic	  part	  of	  the	  pectoralis	  
major	   appears	   to	   contribute	   to	   some	   extent	   as	   a	   substitute,	   although	   this	   is	   relatively	   small	  
compared	  to	  the	  increase	  in	  the	  latissimus	  dorsi,	  and	  is	  variable	  between	  subjects	  (Figure	  9.8).	  
As	   in	   the	   front	  motion	   the	   IS	   and	   teres	  minor	   provide	   the	   required	   external	   rotation	   (Figure	  
9.20b)	  and	  abduction	  moments	   (Figure	  9.20c)	   to	   the	  humerus	  at	   the	  beginning	  of	   the	  motion	  
where	  the	  internally	  rotating	  teres	  major	  and	  latissimus	  dorsi	  are	  required	  to	  depress	  the	  arm	  
(Figure	  9.20a).	  At	  higher	  angles	  of	  elevation	  the	  subscapularis	   is	   then,	  again,	  vital	   in	  providing	  
the	  required	   internal	  rotation	  moment.	  Supraspinatus	  sees	   little	  activation	   in	  the	  wide	  pull-­‐up	  
(Figure	  9.8).	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Figure	  9.20:	  Average	  moments	  provided	  by	  the	  muscles	  around	  the	  GH	  joint	  during	  the	  wide	  pull-­‐up.	  Only	  muscles	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9.4.2.c Reverse	  pull-­‐up	  
In	  Chapter	  8	  the	  latissimus	  dorsi	  was	  shown	  to	  have	  a	  relatively	  small	  extension	  moment	  arm	  at	  
the	  start	  and,	  in	  some	  strings,	  at	  the	  end	  of	  the	  reverse	  pull-­‐up.	  The	  posterior	  deltoid	  was	  shown	  
to	  have	  an	  increasing	  moment	  arm	  towards	  the	  top	  of	  the	  reverse	  pull-­‐up,	  while	  the	  teres	  major	  
had	   a	   large	   moment	   arm	   in	   adduction.	   These	   advantages	   in	   the	   teres	   major	   and	   posterior	  
deltoid	  may	  have	   led	   to	   the	   increased	   stress	   of	   these	  muscles	   relative	   to	   the	   latissimus	  dorsi	  
(Figure	   9.13).	   However,	   this	   may	   also	   be	   a	   result	   of	   the	   much-­‐increased	   moments	   required	  
leading	   to	   a	  more	   broad	   recruitment	   across	   the	  muscles.	   Indeed	   the	   reverse	   pull-­‐up	   activity	  
does	  appear	   to	  have	  the	  most	  number	  of	  muscles	  at	  equivalent	  and	  high	  stresses.	  Analysis	  of	  
the	  moments	  applied	  by	  each	  muscle	  may	  reveal	  more	  information.	  
At	   the	   start	  of	   the	  motion	  where	   the	   teres	  major,	   latissimus	  dorsi	   and	  posterior	  deltoid	  have	  
their	  weakest	  extension	  moments,	  six	  muscles	  are	  activated	  to	  achieve	  the	  required	  moment	  to	  
depress	   the	   arm	   (Figure	   9.21).	   These	  muscles	   are,	   in	   decreasing	   order	   of	   contribution:	   teres	  
minor,	  long	  head	  of	  triceps,	  teres	  major,	  pectoralis	  major,	  posterior	  deltoid	  and	  infraspinatus.	  
As	  with	  the	  other	  pull-­‐ups	  the	  latissimus	  dorsi	  and	  teres	  major,	  which	  are	  key	  depressors	  of	  the	  
humerus,	   provide	   quite	   a	   strong	   internal	   rotation	   moment	   (Figure	   9.21b).	   In	   this	   case	   the	  
pectoralis	   major	   is	   also	   very	   effective	   at	   providing	   this	   internal	   rotation	   moment.	   The	   more	  
frontal	   position	   of	   the	   humerus	   relative	   to	   the	   scapula	   reduces	   the	   moment	   arms	   of	   these	  
muscles	  in	  extension,	  but	  may	  increase	  their	  ability	  to	  internally	  rotate	  the	  humerus.	  The	  heavy	  
activation	  of	  the	  weak	  humeral	  depressors	  of	  the	  rotator	  cuff	  (teres	  minor	  and	  infraspinatus)	  is	  
therefore	   required	   because	   these	  muscles,	   situated	   on	   the	   posterior	   side	   of	   the	   scapula,	   are	  
able	   to	  oppose	  this	   internal	   rotation	  moment,	  particularly	   in	   the	   first	  part	  of	   the	  motion.	  This	  
high	  activation	  in	  the	  cuff	  may	  also	  act	  to	  increase	  stability	  of	  the	  GH	  joint	  in	  the	  reverse	  pull-­‐up.	  
The	   posterior	   deltoid	   is	   also	   able	   to	   provide	   this	   opposing	   moment	   whilst	   being	   a	   relatively	  
strong	  humeral	  extensor.	  
The	  pectoralis	  major	  seems	  to	  be	  more	  active	  in	  the	  reverse	  pull-­‐up,	  in	  terms	  of	  it’s	  maximum	  
muscle	   force	   (Figure	   9.12).	   It	   was	   highlighted	   in	   Chapter	   8	   that	   the	   upward	   rotation	   of	   the	  
clavicle	   had	   an	   important	   effect	   on	   the	   recruitment	   of	   this	  muscle.	   However,	   there	  were	   no	  
significant	   differences	   found	   in	   this	   rotation	   of	   the	   clavicle	   between	   the	   pull-­‐ups	   (p>0.05),	  
although	   differences	   in	   individuals	   will	   still	   exist.	   The	   large	   moment	   required	   may	   thus	  
necessitate	  the	  activation	  of	  this	  muscle.	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The	  supraspinatus	  is	  acting	  to	  abduct	  the	  humerus	  in	  opposition	  to	  the	  very	  effective	  moment	  
arm	   of	   the	   teres	   major	   in	   this	   plane	   (Figure	   9.21c).	   The	   abduction	   moment	   provided	   by	  
supraspinatus	  appears	  to	  be	  more	  important	  than	  that	  provided	  during	  the	  front	  pull-­‐up	  (Figure	  
9.18c).	   However,	   both	   have	   important	   roles	   and	   as	   discussed	   this	   necessitates	   an	   eccentric	  
contraction	  of	  a	  muscle	   that	   is	  commonly	   injured	   in	   these	  kinds	  of	  overhead	  activities	   (Kibler,	  
2006).	  
As	  with	  the	  other	  pull-­‐ups	  the	  subscapularis	  is	  very	  important	  in	  providing	  an	  internal	  rotation	  
moment	  during	  the	  second	  half	  of	  the	  motion	  (Figure	  9.21).	  It	  has	  been	  noted,	  albeit	  in	  a	  case	  
report,	  that	  regular	  climbers	  can	  undergo	  hypertrophy	  of	  the	  subscapularis	  (Schoffl,	  Schneider	  &	  
Kupper,	  2011).	  This	  implies	  significant	  use	  of	  the	  muscle	  across	  a	  range	  of	  pull-­‐up	  type	  activities.	  
Subscapularis	  may	   also	  play	   an	   important	   role,	   as	   part	   of	   the	   rotator	   cuff,	   in	  maintaining	   the	  
stability	  of	  the	  GH	  joint.	  This	  will	  be	  analysed	  in	  more	  depth.	  Also,	  deficiency	  or	  weakness	  in	  this	  
muscle	  may	  require	  greater	  activation	  of	  latissimus	  dorsi	  or	  teres	  major	  to	  compensate.	  This	  in	  
turn	   would	   require	   greater	   activation	   of	   the	   arm	   elevators	   like	   supraspinatus	   or	   middle	   and	  
anterior	   deltoid.	   These	   muscles	   would	   then	   undergo	   eccentric	   loading;	   causing	   a	   significant	  
increase	   in	   energy	   required	   and	   increasing	   the	   potential	   for	  muscle	   damage	  or	   injury.	   Future	  
work	  could	  look	  at	  these	  effects	  by	  removing,	  or	  severely	  limiting,	  the	  activation	  of	  this	  muscle	  
to	  predict	  how	  the	  other	  muscles	  would	  react.	  
In	   addition	   to	   opposing	   the	   internal	   rotation	   of	   the	   other	   humeral	   depressors	   the	   posterior	  
deltoid	  is	  also	  able	  to	  oppose	  the	  very	  effective	  adducting	  action	  of	  the	  teres	  major	  that	  exists	  
during	  the	  reverse	  pull-­‐up	  (Figure	  9.21	  and	  9.22).	  The	   infraspinatus	  contributes	  to	  oppose	  the	  
moment	  at	  the	  beginning	  of	  the	  motion	  and	  the	  middle	  deltoid,	  as	  with	  the	  front	  pull-­‐up,	  at	  the	  
end	  of	   the	  motion.	  The	  risks	  associated	  with	  this	  eccentric	   loading	  of	   the	  middle	  deltoid	  have	  






Figure	   9.21:	   Average	   moments	   provided	   by	   the	   muscles	   around	   the	   GH	   joint	   during	   the	   reverse	   pull-­‐up.	   Only	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9.4.2.d Scapula	  stabilisers	  
Discussion	   of	   muscles	   stabilising	   the	   scapula	   will	   be	   discussed	   for	   the	   three	   pull-­‐ups	   in	   this	  
section.	  The	  important	  action	  of	  the	  scapulothoracic	  muscles:	  particularly	  the	  rhomboid	  major,	  
serratus	   anterior	   and	   scapula	   portion	   of	   the	   trapezius	   has	   been	   highlighted	   (Section	   9.4.1.a;	  
Figure	  9.14).	  However,	  it	  has	  also	  been	  shown	  that	  there	  is	  a	  relatively	  large	  degree	  of	  variability	  
in	  the	  function	  of	  these	  muscles	  (for	  example	  Figures	  9.5	  and	  9.6).	  This	  is	  likely	  to	  be	  related	  to	  
the	   inter-­‐subject	   variations	   in	   scapula	   kinematics	   (Chapter	   6).	   As	   such	   this	   will	   be	   further	  
explored	  in	  a	  later	  section	  (Section	  9.4.4.a)	  and	  through	  differences	  between	  the	  pull-­‐ups.	  
Similar	   to	  the	  situation	  described	   in	  Section	  9.4.1.a	   for	  the	  front	  pull-­‐up,	   the	  reaction	  force	  of	  
the	  medial	  border	  of	  the	  scapula	  appears	  to	  oppose	  the	  action	  of	  the	  prime	  movers	  across	  the	  
GH	  joint	  (teres	  major,	  posterior	  deltoid	  and	  subscapularis,	  as	  before)	  pulling	  the	  scapula	  into	  the	  
rib	  cage	   (Figure	  9.24a)	  during	   the	  wide	  pull-­‐up.	  The	   reaction	   force	   then	  opposes	   the	  moment	  
required	   around	   the	   superior/inferior	   axis	   (Figure	   9.24b).	   Because	   of	   the	   increased	   external	  
rotation	  of	  the	  humerus	  relative	  to	  the	  scapula	  and	  the	  more	  posterior	  plane	  of	  elevation	  in	  the	  
wide	  pull-­‐up	  the	  teres	  major	  does	  not	  contribute	  significantly	  to	  the	  required	  external	  rotation	  
moment	  around	  the	  scapula	  y-­‐axis.	  	  
During	  the	  second	  half	  of	  the	  motion	  the	  subscapularis	  is	  able	  to	  make	  up	  for	  the	  weak	  internal	  
rotation	  provided	  by	  teres	  major.	  Rhomboid	  major,	  the	  inferior	  portion	  of	  the	  trapezius	  and	  the	  
superior	   portion	   of	   the	   serratus	   anterior	   are	   also	   required	   to	  make	   a	   significant	   contribution	  
throughout.	   This	   explains	   the	   increased	   stress	   in	   these	   scapulothoracic	   muscles	   in	   the	   wide	  
(Figure	  9.10)	  as	  compared	  to	  the	  front	  pull-­‐up	  (Figure	  9.7).	  The	  latissimus	  dorsi	  may	  also	  act	  to	  
externally	  rotate	  the	  scapula	  and	  pull	  it	  medially	  into	  the	  thorax.	  
In	   the	   anterior/posterior	   z-­‐axis	   around	   which	   the	   scapula	   is	   upwardly	   rotated,	   teres	   major	  
appears	  to	  be	  very	  strong	  in	  the	  required	  direction	  (Figure	  9.24c).	  This	  is	  expected	  given	  that	  the	  
humerus	   is	   moving	   in,	   or	   close	   to,	   the	   plane	   of	   the	   scapula	   throughout	   the	  motion	   (Section	  
6.3.4c).	   The	   medial	   border	   reaction	   force	   and	   rhomboid	   major	   oppose	   this.	   This	   action	   is	  
required	  to	  reduce	  the	  sum	  of	  the	  moments	  down	  to	  the	  required	  level.	  This	  is	  a	  similar	  pattern	  
to	  that	  seen	  in	  the	  front	  motion.	  
It	   therefore	   appears	   that	   the	   key	   difference	   with	   the	   front	   pull-­‐up	   is	   the	   different	   rotation	  
between	  the	  plane	  of	  the	  scapula	  and	  the	  humerus.	  This	  leads	  to	  a	  decreased	  internal	  rotation	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moment	  of	  the	  teres	  major	  that	  then	  leads	  to	  an	  increased	  activation	  of	  rhomboid	  major.	  The	  
idea	   that	   the	   scapula	   takes	   a	   ‘locked	   in’	   position	   was	   suggested	   in	   the	   discussion	   of	   the	  
kinematics	  (Section	  6.4.4b)	  given	  the	  reduced	  range	  of	  motion	  of	  the	  scapula	  in	  the	  wide	  pull-­‐
up.	  The	  increased	  stress	  in	  latissimus	  dorsi,	  trapezius	  and	  rhomboid	  major	  appear	  to	  make	  this	  
more	   fixed	   position	   of	   the	   scapula	   possible.	   A	  measure	   of	   this	   is	   the	   proportion	   of	   the	   total	  
muscle	  stress	  used	  by	  these	  muscles.	  This	  is	  shown	  to	  be	  significantly	  higher	  than	  both	  the	  front	  
and	   reverse	   pull-­‐ups	   (Figure	   9.22).	   This	   is	   somewhat	   confounded	   by	   the	   actions	   of	   latissimus	  
dorsi	   at	   the	   GH	   joint,	   but	   still	   illustrates	   the	   particularly	   strong	   action	   of	   muscles	   acting	   to	  
maintain	  the	  scapula	  in	  this	  ‘locked-­‐in’	  position.	  
	  
Figure	  9.22:	  Proportion	  of	  total	  muscle	  stress	  provided	  by	  trapezius,	  the	  rhomboids	  and	  latissimus	  dorsi	  during	  the	  
three	   pull-­‐ups.	   The	   significance	   level	   indicates	   both	   the	   overall	   value	   for	   pull-­‐up	   method	   and	   the	   Bonferroni	  
corrected	  pair-­‐wise	  comparison	  between	  the	  wide	  pull-­‐up	  and	  the	  front	  and	  reverse	  pull-­‐ups.	  These	  three	  values	  
are	  all	  0.000.	  
The	  role	  of	  the	  latissimus	  dorsi	  in	  pulling	  the	  scapula	  in	  medially	  also	  appears	  to	  be	  supported	  by	  
the	  fact	  that	  when	  the	  effect	  of	  this	  muscle	  on	  the	  scapula	  dynamics	  is	  not	  considered	  there	  is	  a	  
significant	  reduction	  in	  the	  predicted	  activation	  of	  the	  muscle (Runciman,	  1993).	  
The	  wide	  pull-­‐up	  has	  been	  shown	  to	  be	  particularly	  unstable	  in	  terms	  of	  the	  direction	  of	  the	  GH	  
joint	   reaction	   forces	   (Figure	  9.4),	   as	  was	   suggested	  given	   the	  extreme	   joint	   rotations	   (Section	  
6.4.4).	   Stability	  of	   the	  GH	   joint	  may	  be	  a	   reason	   for	  maintaining	   the	   scapula	  aligned	  with	   the	  
humerus;	  allowing	  an	  effective	  action	  of	  the	  rotator	  cuff.	  The	  rotator	  cuff	  is	  generally	  thought	  to	  
be	   important	   in	   providing	   stability	   to	   the	  GH	   joint	   (Yanagawa	   et	   al.,	   2008,	   Veeger	  &	   van	   der	  
Helm,	  2007,	  Hsu	  et	  al.,	  1997,	  van	  der	  Helm,	  1994a),	  especially	  in	  an	  extreme	  position.	  However,	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effects	  may	  reveal	  why	  the	  cuff	  sees	  low	  activation	  and	  therefore	  which	  muscles	  are	  providing	  
the	  stability	  at	  the	  GH	  joint.	  
Another	  compelling	  reason	  for	  the	  ‘locked-­‐in’	  scapula	  could	  simply	  be	  that	  the	  bony	  constraints	  
of	   the	   acromion	   forces	   the	   scapula	   posteriorly	   with	   the	   coronal	   plane	   of	   the	   humerus	  
movement.	   The	   position	   of	   the	   scapula	  with	   as	  much	   external	   rotation	   as	   possible	  may	   be	   a	  
mechanism	   to	   avoid	   high	   compressive	   stresses	   between	   these	   two	   bony	   structures.	   As	  
discussed,	  rhomboid	  major	  is	  key	  in	  actuating	  the	  external	  rotation	  (Figure	  9.24b).	  It	  therefore	  
follows	  that	  weakness	  in	  this	  muscle	  could	  lead	  to	  a	  risk	  of	  impingement-­‐type	  injuries.	  
	  
Figure	  9.23:	  Position	  of	  teres	  major	  and	  rhomboid	  major	  to	  allow	  opposing	  moment	  arms	  around	  the	  medial/lateral	  
axis	  of	  the	  scapula.	  Image	  modified	  from	  (Anatomy.tv,	  2006).	  
The	   pattern	   in	   the	   scapula	   stabilising	   muscle	   recruitment	   during	   the	   reverse	   pull-­‐up	   is	   thus	  
shown	  to	  have	  a	  number	  of	  similarities	  to	  the	  other	  motions,	  in	  particular	  with	  the	  front	  pull-­‐up.	  
However,	  the	  stresses	  required	  are	  significantly	  larger	  and	  the	  causes	  of	  this	  will	  be	  discussed.	  
Supraspinatus,	   infraspinatus,	   teres	  minor	  and	  pectoralis	  major	  are	  particularly	   stressed	  during	  












Figure	  9.24:	  Mean	  moments	  exerted	  around	  the	  three	  axes	  of	   the	  scapula	  during	  the	  wide	  pull-­‐up.	  Only	  muscles	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Figure	  9.25:	  Mean	  moments	  exerted	  around	  the	  three	  axes	  of	  the	  scapula	  during	  the	  reverse	  pull-­‐up.	  Only	  muscles	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9.4.2.e Elbow	  muscles	  
The	  biceps,	  brachialis	  and	  brachioradialis	  all	  have	  a	  role	   in	   flexing	  the	  elbow,	  but	  as	  discussed	  
above	  the	  biceps	  also	  oppose	  the	  depression	  of	  the	  arm	  and	  aids	  the	  required	  internal	  rotation	  
moment	  of	  the	  arm	  in	  the	  front	  pull-­‐up.	  The	  bicep	  has	  a	  larger	  moment	  arm	  around	  the	  elbow	  
than	   the	   brachialis	   (given	   its	   lower	   force	  with	   comparable	  moment	   provided;	   Figure	   9.6	   and	  
Figure	  9.26).	  The	  reduced	  involvement	  of	  this	  larger	  muscle	  (PCSA	  =	  5.8cm2)	  is	  therefore	  likely	  to	  
be	  caused	  by	  its	  counterproductive	  activity	  at	  the	  GH	  joint	  as	  compared	  to	  the	  mono-­‐articular	  
but	   smaller	  brachialis	   (5.2cm2)	  and	  brachioradialis	   (2.1cm2).	  These	  mono-­‐articular	  muscles	  are	  
predicted	  to	  be	  under	  more	  stress	  (Figure	  9.7)	  and	  so	  must	  have	  a	  strong	  advantage	  in	  terms	  of	  
their	  effect	  on	  the	  system	  as	  a	  whole	  through	  the	  overall	  load-­‐sharing	  cost	  function.	  
	  
Figure	   9.26:	   Mean	   moments	   provided	   by	   muscles	   around	   the	   flexion/extension	   axis	   of	   the	   elbow.	   A	   positive	  
moment	  indicates	  flexion.	  
At	  the	  top	  of	  the	  front	  pull-­‐up	  the	  humerus	  moves	  posterior	  to	  the	  thorax	  in	  extension	  and	  thus	  
an	  extension	  moment	  is	  required	  at	  the	  elbow	  (Figure	  9.26).	  This	  results	  in	  the	  activation	  of	  the	  
triceps	  (Figure	  9.26).	  The	  opposite	  case	  is	  true	  in	  the	  triceps	  as	  with	  the	  biceps	  –	  namely	  that	  the	  
long	  head	  of	   triceps,	   the	  bi-­‐articular	  muscle,	   is	   able	   to	  provide	   this	  elbow	  moment	  as	  well	   as	  
aiding	   in	   the	   depression	  of	   the	   arm	   (Figure	   9.18a)	   and	   the	  provision	  of	  moments	   around	   the	  
scapula	   (Figure	   9.14).	   This	   muscle	   head	   is	   therefore	   more	   stressed	   than	   the	   mono-­‐articular	  
medial	  and	  lateral	  heads	  of	  the	  triceps	  (Figure	  9.7c).	  However,	  the	  cost	  of	  this	  appears	  to	  be	  a	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heads	  more	  heavily.	  Further	  investigation	  into	  the	  triceps	  wrapping	  may	  clarify	  this	  interaction	  
as	  well	  as	  the	  potential	  injury	  risks	  associated	  with	  these	  eccentric	  loads.	  
The	  long	  head	  of	  triceps	  may	  be	  favoured	  over	  the	  mono-­‐articular	  heads	  because	  it	  provides	  a	  
useful	  contribution	  to	  the	  required	  moments	  around	  the	  adduction	  axis	  of	  the	  GH	  joint	  (Figure	  
9.18a)	  as	  well	  as	  in	  the	  downward	  rotation	  and	  posterior	  tilt	  axes	  of	  the	  scapula	  (Figure	  9.15).	  
The	   triceps	   long	   head	   is	   also	   wrapped	   around	   the	   cylindrical	   wrapping	   object	   at	   the	   elbow	  
flexion	  axis,	  where	  the	  mono-­‐articular	  heads	  are	  not.	  The	  effects	  of	  this	  are	  analysed	  in	  Section	  
9.4.4.c.	  The	  moments	  provided	  by	  all	  the	  elbow	  muscles	  around	  the	  flexion/extension	  axis	  are	  
presented	  in	  Figure	  9.26.	  
During	  the	  wide	  pull-­‐up	  the	  moments	  required	  at	  the	  elbow	  are	  significantly	  smaller	  than	  those	  
required	  in	  the	  front	  pull-­‐up	  (Figure	  9.27).	  However,	  it	  also	  appears	  that	  the	  long	  head	  of	  triceps	  
is	  slightly	  active	  throughout	  the	  motion	  on	  average.	  This	  is	  a	  pattern	  that	  is	  inconsistent	  across	  
subjects	  (Figure	  9.8)	  and	  may	  therefore	  be	  sensitive	  to	  subject-­‐specific	  kinematics	  factors	  or	  the	  
direction	   of	   the	   external	   force.	   The	   long	   head	   of	   triceps	   has	   been	   shown	   to	   contribute	   to	  
depression	  of	  the	  arm	  (Figure	  9.20),	  and	  so	  given	  the	  reduced	  moments	  required	  at	  the	  elbow	  
this	  muscle	  may	  become	  more	  acceptable	  in	  terms	  of	  the	  load-­‐sharing	  cost	  function.	  Otherwise	  
the	  action	  of	  the	  elbow	  flexors	  is	  very	  similar	  to	  that	  described	  in	  the	  average	  front	  pull-­‐up.	  
	  
Figure	  9.27:	  Mean	  moments	  provided	  by	  muscles	  around	  the	  flexion/extension	  axis	  of	  the	  elbow	  during	  the	  wide	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The	  direction	  of	   the	  required	  moment	  at	   the	  elbow	  during	  the	  reverse	  pull-­‐up	   is	  shown	  to	  be	  
opposite	   to	   the	   other	   pull-­‐ups	   for	   much	   of	   the	   motion	   (Figure	   9.28).	   This	   different	   pattern	  
results	  in	  an	  activation	  of	  the	  long	  head	  of	  triceps	  throughout	  the	  pull-­‐up	  (Figure	  9.28).	  Being	  a	  
bi-­‐articular	  muscle	  this	  is,	  again,	  also	  able	  to	  contribute	  to	  the	  depression	  of	  the	  arm	  at	  the	  GH	  
joint.	   The	   relatively	   large	   standard	   deviation	   of	   the	   required	   moment	   (Figure	   9.28)	   leads	   to	  
some	  inconsistency	  in	  the	  relative	  levels	  of	  activation	  of	  the	  long	  head	  of	  triceps	  and	  brachialis	  
(Figure	  9.11).	  The	  biceps	  seem	  to	  be	  particularly	  inactive	  in	  this	  pull-­‐up	  activity	  (Figures	  9.13	  and	  
9.28).	   This	   is	   partly	   because	   there	   is	   little	   positive	  moment	   required	   at	   the	   elbow,	   and	  when	  
there	   is	   it	   appears	   to	  be	   satisfied	  by	   the	  brachialis	   and	  brachioradialis.	  Again,	   this	  may	  be	   an	  
effect	  of	   the	  biceps	  being	  a	  bi-­‐articular	  muscle	  that	  opposes	  the	  required	  moments	  at	   the	  GH	  
joint.	  
	  
Figure	  9.28:	  Mean	  moments	  applied	  by	  muscles	  around	  the	  flexion/extension	  axis	  of	  the	  elbow	  during	  the	  reverse	  
pull-­‐up.	  Positive	  indicates	  flexion.	  Standard	  deviation	  of	  the	  required	  moment	  is	  shown	  in	  pink.	  
9.4.2.f Reverse	  pull-­‐up	  force	  magnitude	  
It	  is	  predicted	  that	  significantly	  larger	  forces	  are	  required	  to	  actuate	  the	  reverse	  pull-­‐up	  (Figure	  
9.13).	  This	  is	  particularly	  surprising	  given	  that	  this	  activity	  is	  anecdotally	  the	  easiest	  to	  perform	  
(Stewart,	  2011).	  There	  may	  be	  a	  number	  of	  reasons	  for	  this,	  both	  in	  modelling	  limitations	  and	  in	  
the	  nature	  of	  the	  activity.	  
Higher	   moments	   required	   at	   the	   joints,	   as	   calculated	   by	   inverse	   dynamics,	   directly	   result	   in	  
















Percentage	  of	  mo~on	  
Chapter	  9	  
	   315	  
three	  pull-­‐ups	  (Figure	  9.29).	  This	  demonstrates	  that	   larger	  moments	  are	  required	   in	  extending	  
and	  adducting	  the	  humerus	  during	  the	  reverse	  pull-­‐up	  (Figure	  9.29),	  while	  the	  moments	  around	  
the	  long	  axis	  are	  of	  a	  similar	  order.	  This	  is	  particularly	  clear	  at	  the	  beginning	  of	  the	  pull-­‐up.	  
Less	  humerothoracic	  elevation	   is	  observed	  during	   the	   reverse	  pull-­‐up	   (Figure	  6.32),	  which	  will	  
lead	   to	   increased	  moment	   arms	   for	   the	  external	   force	   around	   the	  GH	   joint.	   This	  will	   then	  be	  
further	  increased	  by	  more	  extension	  of	  the	  elbow	  during	  the	  motion	  (Figure	  9.30)	  and	  a	  more	  
frontal	  plane	  of	  the	  humerus	  (Figure	  6.32).	  These	  factors	  all	  show	  statistical	  differences	  in	  these	  
directions	  across	  the	  pull-­‐ups:	  less	  humerothoracic	  elevation	  (p	  varies;	  Table	  6.13),	  more	  frontal	  
plane	   of	   elevation	   (p=0.000;	   Table	   6.13),	   increased	   extension	   of	   the	   elbow	   (p=0.000;	   Figure	  
9.30)	   and	   additionally	   increased	   protraction	   of	   the	   clavicle	   relative	   to	   the	   thorax	   (p=0.000;	  
Appendix	   2).	   These	   all	   contribute	   to	  move	   the	   hands	   and	   thus	   the	   point	   of	   force	   application	  
further	  from	  the	  GH	  joint	  
	  
Figure	   9.29:	  Moments	   required	   around	   the	  GH	   joint	   in	   the	   humerus	   coordinate	   frame.	   Solid	   line	   represents	   the	  
abduction	  moment,	  dashed	  line	  the	  flexion	  moment	  and	  the	  dotted	  line	  represents	  the	  internal	  rotation	  moment.	  
A	  simple	  2D	  example	  of	  the	  effect	  of	  these	  differences	  with	  the	  average	  values	  for	  the	  reverse	  
pull-­‐up	   is	   shown	   in	   Figure	   9.31.	   The	   direction	   and	  magnitude	   of	   the	   external	   force	   is	   similar	  























Figure	  9.30:	  Mean	  elbow	  flexion	  angle	  during	  the	  three	  pull-­‐up	  activities.	  A	  pair-­‐wise	  comparison	  using	  Bonferroni	  
correction	  indicates	  significant	  differences	  between	  the	  wide	  and	  reverse	  pull-­‐ups	  (p=0.043),	  the	  front	  and	  reverse	  
pull-­‐ups	  (p=0.006)	  but	  not	  between	  the	  front	  and	  wide	  pull-­‐ups	  (p=0.114).	  
	  
Figure	  9.31:	  Calculation	  of	   the	   increased	  external	   force	  moment	   in	   the	   reverse	  pull-­‐up	  as	   compared	   to	   the	   front	  
pull-­‐up.	   The	   decreased	   elevation	   of	   8°,	   the	   increased	   elbow	  extension	   of	   8°	   and	   the	   17°	  more	   frontal	   plane	   are	  
taken	  from	  the	  average	  differences	  in	  the	  first	  frame	  (presented	  in	  Chapter	  6).	  A	  force	  of	  450N	  is	  assumed	  to	  act	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Although	   this	   is	   highly	   simplified,	   the	   increase	   indicated	   goes	   some	   way	   to	   explaining	   the	  
differences	   seen	   in	   the	   required	   extension	   moment	   (Figure	   9.29).	   The	   elbow	   angle	   also	  
increases	  to	  twice	  the	  value	  assumed	  in	  the	  example	  when	  at	  the	  halfway	  point	  of	  the	  pull-­‐up	  
(Figure	   9.30).	  Note	   that	   the	   coordinate	   frames	   are	   different	   and	   the	   increase	   in	   the	   example	  
would	  be	  distributed	  over	  the	  axes	  moments.	  
This	  example	  also	  demonstrates	  the	  sensitivity	  to	  measured	  rotations	  during	  this	  highly	  loaded	  
activity.	   The	   measurement	   accuracy	   of	   all	   the	   joint	   angles	   is	   likely	   to	   be	   lowest	   during	   the	  
reverse	  pull-­‐up	  given	  the	  extreme	  external	  rotation	  of	  the	  humerus	  (Figure	  6.32).	  This	  rotation	  
has	  been	  shown	  to	  be	  particularly	  susceptible	  to	  skin	  artefacts	  (Kontaxis	  et	  al.,	  2009,	  Cutti	  et	  al.,	  
2005).	  Visually	  the	  model	  position	  during	  this	  motion	  seems	  to	  be	  less	  externally	  rotated	  than	  
observed	  during	  data	   collection	   (Figure	  9.32).	   There	  were	  also	  observed	   to	  be	   significant	   skin	  
artefacts	   at	   the	   radial	   and	  ulnar	   styloid	  markers	   on	   the	  wrist	   during	   the	   reverse	  pull-­‐up.	   This	  
could	  influence	  the	  angle	  of	  the	  forearm	  relative	  to	  the	  force	  vector	  as	  well	  as	  the	  point	  of	  force	  
application.	   The	   reason	   for	   not	   digitising	   these	   points	   is	   that	   it	   was	   thought	   that	   the	   skin	  
artefacts	  on	  the	  body	  of	  the	  forearm	  would	  be	  larger	  than	  those	  at	  the	  landmarks.	  
	  
Figure	   9.32:	   (a)	   model	   representation	   of	   a	   reverse	   pull-­‐up,	   (b)	   reverse	   pull-­‐up	   pictured	   from	   posterior	   and	   (c)	  
pictured	  from	  lateral.	  Note	  that	  these	  three	  are	  all	  subject	  s7	  but	  in	  different	  trials.	  
The	  rotations	  between	  the	  forearm	  and	  the	  global	  vertical	  are	  important,	  because	  this	  is	  used	  to	  
define	  the	  direction	  in	  which	  the	  external	  force	  is	  applied.	  Figure	  9.33	  shows	  how	  important	  this	  
angle	  is,	  where	  the	  required	  moment	  can	  be	  seen	  to	  clearly	  follow	  this	  angle.	  Since	  the	  changes	  
in	  external	  force	  direction	  are	  small	  these	  seem	  to	  be	  less	  important	  (Figure	  9.33),	  although	  it	  is	  
a b c 
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necessary	   to	   quantify	   the	   effect	   of	   the	   experimental	   set-­‐up	   in	   determining	   this	   angle.	   This	  
analysis	  is	  presented	  in	  the	  next	  chapter.	  
	   	  
	  
Figure	  9.33:	  Moments	  required	  at	  the	  elbow	  during	  the	  reverse	  pull-­‐up	  and	  the	  angles	  of	  various	  inputs.	  
It	   is	   surprising	   that	   the	   forearm	   angle	   is	   rotated	   in	   a	   positive	   direction	   relative	   to	   the	   global	  
coordinate	  frame	  (Figure	  9.33),	  since	  this	  was	  not	  generally	  observed	  during	  the	  data	  collection	  
(example	  in	  Figure	  9.32c).	  Since	  Euler	  angle	  rotations	  are	  used,	  however,	  this	  cannot	  be	  treated	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errors	  discussed	  are	   likely	   to	   lead	   to	   some	  misrepresentation.	  The	  use	  of	   forearm	  markers	   to	  
track	  the	  internal/external	  rotation	  of	  the	  humerus	  may	  be	  a	  useful	  method.	  Since	  the	  forearm	  
follows	  the	  internal/external	  rotation	  of	  the	  humerus	  there	  should	  be	  significantly	  less	  artefact	  
in	   the	   gross	   movement	   of	   this	   segment	   as	   compared	   to	   the	   skin	   under	   which	   the	   bone	   is	  
moving.	  However,	  this	  should	  be	  done	  using	  a	  set-­‐up	  that	  does	  not	  consider	  the	  long	  axis	  of	  the	  
forearm.	  If	  this	  is	  considered,	  as	  in	  the	  ISB	  recommendations	  (Wu	  et	  al.,	  2005),	  then	  the	  carrying	  
angle	  at	  the	  elbow	  will	  result	  in	  a	  prediction	  of	  external	  rotation	  going	  from	  extreme	  flexion	  to	  
full	  extension	  such	  as	  in	  the	  pull-­‐up	  activity.	  
The	  accuracy	  of	  measuring	  the	  forearm	  rotations	  will	  also	  have	  an	  effect	  on	  the	  position	  of	  the	  
hand	   and	   thus	   the	   position	   of	   force	   application	   in	   the	   pull-­‐up.	   Again	   using	   the	   more	   distal	  
segment,	   in	   this	   case	   the	  hand,	   to	   track	   this	   rotation	  could	  be	  a	  useful	   solution.	  Validation	  of	  
these	   methods	   is	   not	   clear,	   but	   could	   prove	   useful	   in	   extreme	   activities	   such	   as	   pull-­‐ups,	  
baseball	   pitching	   and	   swimming	   that	   all	   have	   important	   axial	   rotation	   considerations	   in	   the	  
proximal	  joints	  (Burkhart,	  Morgan	  &	  Kibler,	  2003b,	  Pink	  &	  Tibone,	  2000,	  Kibler,	  1998,	  Altchek	  &	  
Dines,	  1995,	  Fleisig	  et	  al.,	  1995).	  
There	  should	  be	  very	  little	  movement	  around	  the	  long	  axis	  since	  the	  hands	  are	  fixed	  on	  the	  pull-­‐
up	  bar.	  In	  hindsight	  a	  digitisation	  of	  these	  landmarks	  at	  the	  start	  of	  the	  motion	  would	  have	  been	  
a	   simple	   way	   to	   ensure	   the	   initial	   accuracy.	   As	   with	   the	   kinematics	   method	   introduced	   in	  
Chapter	  4	  a	  digitisation	  closer	  to	  the	  position	  of	  interest	  gives	  closer	  measurements	  to	  the	  true	  
value.	  
The	  use	  of	  inverse	  kinematics	  methods	  would	  have	  led	  to	  a	  distortion	  of	  the	  kinematics	  in	  the	  
more	   distal	   segments	   because	   the	   thorax	   is	   considered	   as	   the	   base	   of	   the	   model	   and	   the	  
segments	  are	  scaled	  homogeneously.	   Ideally	   for	  this	  type	  of	  activity,	  where	  the	  hands	  are	  the	  
fixed	  segment,	  the	  model	  should	  be	  built	  in	  the	  opposite	  direction	  such	  that	  the	  hands	  are	  the	  
base	   for	   the	   model	   and	   inverse	   dynamics	   calculations.	   The	   accumulation	   of	   kinematics	  
measurement	   errors	   would	   therefore	   be	   less	   problematic	   and	   inverse	   kinematics	   methods	  
would	  be	  more	  useful.	  
There	  is	  some	  evidence	  that	  the	  reverse	  pull-­‐up	  leads	  to	  a	  lateral	  component	  in	  the	  force	  at	  the	  
hands	   (Runciman,	   1993).	   That	   study	   found	   that	   the	   subject	   was	   pulling	   medially	   during	   the	  
motion,	  which	   is	   unreasonable	   here	   given	   the	  medial	   position	   of	   the	   hands	   and	  more	   lateral	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position	  of	   the	   elbows.	   The	  position	   in	   that	   study	   seems	   to	  be	  different	   to	   this	   study,	  with	   a	  
more	  lateral	  position	  of	  the	  hands,	  although	  the	  position	  is	  poorly	  described.	  The	  subject	  pulling	  
laterally	  may	  be	  reasonable,	  although	  this	  force	  is	  not	  likely	  to	  be	  large.	  The	  measurement	  set-­‐
up	  currently	  used	   is	  not	  able	   to	  measure	   this	   lateral	   force.	  The	  use	  of	  an	   instrumented	  bar	   is	  
recommended	  in	  future	  experiments	  in	  this	  type	  of	  activity.	  The	  effect	  of	  this	  lateral	  component	  
is	  examined	  in	  Chapter	  10.	  
9.4.3 Verification	  
EMG	  measurements	   are	   useful	   in	   indicating	   the	   pattern,	   and	   presence,	   of	  muscle	   activation.	  
These	  measures	   should	   be	   treated	  with	   caution	   as	   they	   are	   susceptible	   to	   cross-­‐talk	   and	   are	  
poor	   indicators	   of	   absolute	   activation	   levels	   (Laursen	   et	   al.,	   1998,	   De	   Luca,	   1997);	   note	   that	  
activation	  exceeds	  1	   in	  Figure	  9.34b).	  As	   such,	   the	  average	  EMG	  results	   in	   the	   literature	   for	  a	  
reverse	  pull-­‐up	  will	  be	  compared	  to	  the	  average	  values	  predicted	  here.	  
The	   predicted	   deltoid	   activation	   shows	   an	   excellent	   correlation	   with	   the	   EMG	   results,	   with	  
strong	  activation	  of	  the	  posterior	  and	  middle	  deltoid	  during	  the	  second	  half	  of	  the	  motion	  and	  
no	  significant	  activation	  of	  anterior	  deltoid	   (Figure	  9.34).	  The	   late	  onset	  of	   the	  middle	  deltoid	  
activation	  as	  compared	  to	  the	  EMG	  measure	  may	  be	  somewhat	  explained	  by	  the	  relatively	  high	  
activation	  of	   SS	   through	   the	  middle	  of	   the	  motion	  which	  may	  be	  performing	  a	   similar	   task	   to	  
middle	  deltoid.	  
The	  rotator	  cuff	  muscles	  seem	  to	  show	  a	  good	  agreement	  in	  that	  the	  three	  muscles	  have	  a	  high	  
level	  of	  activation	  in	  the	  EMG	  and	  predicted	  results.	  However,	  the	  IS	  seems	  to	  peak	  at	  the	  start	  
of	  the	  motion	  where	   it	   is	  constant	   in	  the	  EMG.	  The	   lack	  of	  a	   lateral	   force	  here	  may	  effect	  the	  
activation	   of	   this	  muscle	   particularly	   since	   its	   primary	   contribution	   has	   been	   shown	   to	   be	   in	  
internal/external	   rotation	   of	   the	   humerus.	   The	   more	   lateral	   position	   of	   the	   hands	   in	   the	  
literature	   study	   should	   also	   effect	   the	   moments	   required	   are	   the	   long	   axis.	   However,	   these	  
results	   represent	   a	   significant	   improvement	   on	   the	   predicted	  muscle	   forces	   in	   the	   literature	  
study	  which	  predicted	  no	  activation	  of	  IS	  and	  almost	  none	  for	  the	  SS.	  
The	  activation	  of	  the	  latissimus	  dorsi	  is	  seen	  to	  follow	  a	  very	  similar	  pattern	  as	  seen	  in	  the	  EMG	  
measurements	  (Figure	  9.35).	  This	  is	  particularly	  positive	  since	  it	  is	  a	  prime	  mover	  in	  the	  reverse	  
pull-­‐up,	  as	  is	  the	  posterior	  deltoid	  (Section	  9.4.2.c).	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Figure	   9.34:	   Average	   EMG	   measurements	   from	   the	   literature	   (Runciman,	   1993)	   compared	   to	   predicted	   muscle	  
forces	   (as	   proportion	  of	   body	  weight)	   for	   the	   (a)	   deltoid	   and	   (b)	   rotator	   cuff.	   Solid	   lines	   are	   EMG	  measures	   and	  
dashed	  lines	  are	  model	  predictions.	  
The	  triceps	  pattern	   is	  somewhat	  different	  to	  that	  predicted	  by	  the	  EMG	  measurements	   in	  the	  
literature,	  with	  peaks	  at	  the	  start	  and	  end	  of	  the	  motion	  predicted	  by	  the	  model.	  This	  may	  be	  
related	  to	  the	  measurement	  accuracy	  around	  this	  joint	  discussed	  in	  Section	  9.4.2.f.	  However,	  it	  
is	   encouraging	   that	   to	   muscle	   seems	   to	   be	   active	   in	   the	   EMG	   measurements,	   albeit	   at	   a	  











































































Figure	   9.35:	   EMG	  measurements	   from	   the	   literature	   (Runciman,	   1993)	   compared	   to	   predicted	  muscle	   forces	   (as	  
proportion	  of	  body	  weight)	  for	  the	  latissimus	  dorsi	  (black)	  and	  the	  triceps	  (grey).	  Solid	  lines	  are	  EMG	  measures	  and	  
dashed	  lines	  are	  model	  predicted.	  
These	  results	  are	  extremely	  positive,	  but	  limited	  in	  that	  the	  motions	  performed	  will	  be	  different	  
although	   the	  description	  of	   the	  motion	   in	   the	   literature	   is	   approximately	   the	   same.	  However,	  
the	   picture	   provided	   of	   the	   motion	   displays	   a	   noticeably	   more	   lateral	   position	   of	   the	   hands	  
(Figure	  10.9).	   The	   large	   inter-­‐subject	   variations	   in	   these	  athletic	   activities	   (Chapter	  6)	   and	   the	  
small	   sample	   sizes	   in	   both	   studies	   (n=6	   in	   (Runciman,	   1993)	   and	  n=11	  here)	   also	  weaken	   the	  
comparisons.	   Nonetheless,	   these	   are	   positive	   results	   that	   improve	   the	   trust	   in	   the	   muscle	  
recruitment	  patterns	  predicted	  by	  the	  model	  in	  this	  thesis.	  
A	   very	   approximate	   comparison	   can	   be	   made	   between	   an	   EMG	   study	   of	   the	   iron	   cross	  
(Bernasconi	   et	   al.,	   2004)	   and	   the	   muscle	   forces	   predicted	   at	   90°	   humerothoracic	   elevation	  
during	   the	   wide	   pull-­‐up	   (Figure	   9.36).	   There	   is	   some	   agreement	   in	   that	   teres	   major	   and	  
latissimus	  dorsi	  are	  important	  and	  highly	  active	  while	  infraspinatus,	  rhomboid	  major,	  trapezius	  
and	  serratus	  anterior	  are	  significantly	  less	  involved.	  
Given	   that	   in	   an	   iron	   cross	   the	   arms	   are	   extended	   horizontally	   it	   is	   not	   surprising	   that	  much	  
larger	   biceps	   activation	   is	   required.	   It	   is	   also	   interesting	   to	   note	   that	   there	   is	   major	   co-­‐
contraction	  at	  the	  elbow.	  This	  may	  also	  partly	  arise	  from	  the	  extended	  elbows	  that	  would	  create	  
considerable	  shearing	  forces	  in	  the	  elbow	  joint,	  potentially	  necessitating	  co-­‐contraction.	  This	  is	  
present	   in	   some	   pull-­‐up	   model	   predictions	   presented	   here,	   possibly	   resulting	   from	   a	  
combination	  of	  providing	  elbow	  joint	  stability	  as	  well	  as	  the	  bi-­‐articular	  nature	  of	  the	  muscles.	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Figure	  9.36:	  Comparison	  between	  the	  relative	  activation	   levels	  of	  muscles	  during	  the	  wide	  pull-­‐up	  (red	   lines)	  and	  
EMG	  recordings	  of	  an	  iron	  cross	  (black	  bars;	  Bernasconi	  et	  al.,	  2004).	  
9.4.4 Individual	  analyses	  
9.4.4.a Scapula	  internal	  rotation	  and	  anterior	  tilt	  during	  the	  front	  pull-­‐up	  
It	  was	  observed	   in	  Chapter	  6	   that	   there	  were	   two	  groups	  with	   regards	   to	   scapula	  kinematics.	  
One	  had	  a	  more	  anteriorly	  and	  internally	  rotated	  scapula	  and	  the	  other	  a	  more	  posteriorly	  and	  
externally	   rotated	   scapula.	   Two	   subjects	  were	   chosen	   from	  each	   set:	   Subjects	   s4	   and	   s8	  with	  
more	   internal	   rotation	   and	   Subjects	   s5	   and	   s10	   with	   less	   (Figure	   6.14).	   The	   more	   internally	  
rotated	   scapulae	   in	   Subjects	   s4	   and	   s8	  means	   the	   pull-­‐ups	   are	   performed	  with	   the	   humerus	  










































Figure	  9.37:	  GH	  rotations	  during	  the	  front	  pull-­‐up	  in	  (a)	  Subject	  s4	  (black)	  and	  s8	  (grey)	  and	  (b)	  Subject	  s5	  (black)	  
and	  s10	  (grey).	  Solid	  line	  is	  axial	  rotation,	  dashed	  line	  is	  plane	  of	  elevation	  and	  dotted	  line	  elevation.	  
These	   differences	   can	   also	   be	   compared	   to	   the	   average	   pull-­‐ups	  where	   similar	   pattern	   occur	  
across	  the	  different	  pull-­‐ups.	  In	  the	  average	  wide	  pull-­‐up	  (Section	  9.3.2.b)	  when	  the	  humerus	  is	  
in	  the	  plane	  of	  the	  scapula,	  the	  teres	  major	  provides	  a	  weak	  external	  rotation	  moment	  around	  
the	  scapula.	  The	  same	  pattern	  is	  seen	  here	  where	  teres	  major	  has	  very	  little	  effect	  around	  this	  
axis	  despite	  its	  strong	  activation	  (Figure	  9.38a).	  Then	  in	  Subject	  s8	  there	  is	  also	  a	  relatively	  small	  
contribution	   from	   teres	   major	   in	   externally	   rotating	   the	   scapula,	   as	   compared	   to	   the	   other	  
muscles	   (Figure	   9.38b).	   However,	   in	   this	   case	   the	   slightly	   more	   out	   of	   plane	   position	   of	   the	  
humerus	  relative	  to	  the	  scapula	  (Figure	  9.37)	  allows	  the	  teres	  major	  slightly	  more	  effect	  around	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Figure	  9.38:	  Moments	  predicted	  about	  the	  y-­‐axis	  of	  the	  scapula	  for	  subjects	  s4	  and	  s8.	  
As	  discussed,	  the	  rhomboid	  major	  is	  an	  effective	  external	  rotator	  of	  the	  scapula.	  With	  reduced	  
contribution	  to	  this	  moment	  from	  the	  teres	  major	  in	  the	  subjects	  where	  the	  humerus	  is	  more	  in	  
plane	   with	   the	   scapula,	   and	   similarly	   in	   the	   average	   wide	   pull-­‐up,	   the	   rhomboid	   major	   is	  
recruited	  more	  (Figure	  9.40)	  to	  provide	  a	  moment	  opposing	  the	  strong	  reaction	  force	  from	  the	  
medial	  border.	  Other	  muscles	  like	  the	  trapezius	  and	  serratus	  anterior	  also	  contribute.	  In	  subject	  
s5	  and	   s10	  where	   the	   scapula	   is	   less	   in	  plane,	   like	   the	  average	   front	  pull-­‐up	  compared	   to	   the	  
average	   wide	   pull-­‐up,	   the	   teres	  major	   provides	   a	   relatively	   strong	   external	   rotation	  moment	  
(Figure	   9.40).	   The	   activation	   of	   the	   rhomboid	  major	   is	   therefore	   significantly	   reduced	   (Figure	  
9.40),	   because	   the	   teres	   major	   is	   able	   to	   both	   depress	   the	   arm	   and	   counteract	   the	   medial	  

















































Figure	  9.39:	  Moments	  about	  the	  y-­‐axis	  of	  the	  scapula	  for	  subjects	  s5	  and	  s10.	  
Another	   striking	   difference	   between	   the	   two	   pairs	   is	   the	   action	   of	   the	   serratus	   anterior	   in	  
providing	   an	   upward	   rotation	   moment	   to	   the	   scapula.	   With	   the	   subjects	   that	   employ	   more	  
external	  rotation	  and	  posterior	  tilt	  of	  the	  scapula	  this	  action	  is	  more	  significant	  in	  terms	  of	  the	  
proportion	   of	   the	   required	  moment	   provided	   (Figure	   9.41).	   Given	   the	   very	   effective	  moment	  
arm	   that	   the	   serratus	   anterior	   has	   in	   this	   direction,	   particularly	   the	   inferior	   fibres,	   this	   only	  
translates	   into	   a	   small	   difference	   in	   the	   actual	   force	  provided	   (Figure	  9.40).	   This	   seems	   to	  be	  
related	   to	   the	   larger	  activation	  present	   in	   the	   teres	  major	   for	   the	  subjects	  with	  more	   internal	  
rotation	   and	   a	  more	   in	   plane	  motion	   (Figure	   9.40).	   A	   larger	   activation	   of	   teres	  major	   would	  
mean	   that	   serratus	   anterior	   is	   not	   needed	   to	   provide	   the	   upward	   rotation	   moment	   at	   the	  
scapula.	  The	  reason	  for	  the	  higher	  activation	  of	  teres	  major	  in	  the	  more	  in	  plane	  group	  is	  that	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smaller	  and	  whilst	  the	  moment	  arms	  around	  the	  extension	  axis	  are	  larger	  this	  difference	  is	  small	  
(Figure	  9.42).	   Thus,	  more	  activation	  of	   teres	  major	   is	  needed	   to	  adduct	   the	  arm	  and	   so	   teres	  
major	  also	  provides	  more	  of	  the	  scapula	  upward	  rotation	  moment.	  This	  in	  turn	  means	  that	  the	  
action	   of	   the	   serratus	   anterior	   is	   not	   required	   in	   this	   moment,	   as	   it	   is	   required	   with	   less	  
activation	  of	  teres	  major	  because	  of	  its	  highly	  effective	  action.	  
	  




Figure	   9.41:	  Mean	  moment	   provided	   around	   the	   z-­‐axis	   of	   the	   scapula	   as	   a	   proportion	   of	   the	   required	  moment	  
during	  the	  front	  pull-­‐up.	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Figure	  9.42:	  Moment	  arms	  of	  teres	  major	  around	  the	  scapula	  during	  the	  front	  pull-­‐up	  in	  four	  subjects.	  
In	  the	  four	  subjects	  discussed	  here	  teres	  major	  provides	  more	  adduction	  moment	  than	  required,	  
this	   is	  also	   the	  case	   in	   the	  average	   front	  and	   reverse	  pull-­‐ups.	   In	  order	   to	  counteract	   this	   the	  
posterior	  deltoid	  is	  activated.	  However,	  with	  a	  larger	  angle	  between	  the	  scapula	  plane	  and	  the	  
humerus	   in	   subjects	   s5	  and	   s10	   the	  deltoid	   is	   less	  able	   to	  provide	   this	  moment	  as	   it	   tends	   to	  
move	  inferiorly	  to	  the	  humeral	  head	  (Figure	  9.43)	  and	  so	  the	  supraspinatus	  needs	  to	  contribute	  
as	  well.	   This	   is	   similar	   to	   the	   reverse	  motion	  where	   there	   is	   a	   larger	   difference	   between	   the	  
plane	  of	  the	  scapula	  and	  the	  humerus	  (Figure	  6.34).	  That	  leads	  to	  a	  relatively	  strong	  activation	  
of	  the	  supraspinatus	  through	  the	  middle	  of	  the	  motion.	  Middle	  deltoid	  provides	  this	  moment	  at	  
the	  end	  of	  the	  pull-­‐up	  and	  infraspinatus	  and	  teres	  minor	  at	  the	  start.	  
	  
Figure	   9.43:	   Mean	   humerus	   abduction	   moment	   arm	   of	   the	   posterior	   deltoid	   during	   the	   front	   pull-­‐up	   and	   an	  
illustration	  of	  the	  effect	  on	  the	  posterior	  deltoid	  of	  increasing	  the	  plane	  of	  elevation.	  
It	  has	  thus	  been	  shown	  that	  the	  orientation	  of	  the	  scapula	  can	  have	  a	  significant	  impact	  on	  the	  
muscle	  recruitment	  during	  the	  pull-­‐up	  activity.	  Specifically	  the	  rhomboid	  major	  becomes	  a	  key	  
contributor	   to	   prevent	   scapula	  winging	  when	   the	   scapula	   is	  more	   internally	   rotated	   and	   thus	  
more	   in	   the	   plane	   of	   the	   humerus.	   The	   serratus	   anterior	   has	   also	   been	   shown	   to	   be	   a	   very	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effective	  substitute	  for	  the	  upward	  rotation	  moment	  of	  the	  scapula	  when	  the	  teres	  major	  is	  not	  
as	  highly	  activated.	  Most	  important	  in	  terms	  of	  injury	  implications	  is	  the	  increased	  activation	  of	  
the	  supraspinatus	  to	  compensate	  for	  the	  decreased	  moment	  arm	  of	  the	  posterior	  deltoid	  with	  a	  
larger	  difference	  in	  the	  plane	  of	  the	  scapula	  and	  humerus.	  
There	   are	   limitations	   to	   these	   conclusions.	   Two	   subjects	   in	   each	   group	   is	   small	   and	   thus	  
conclusions	  are	   tentative.	  However,	   the	  agreement	   in	   the	   trends	  between	   these	   subjects	  and	  
the	   trends	   between	   the	   average	   pull-­‐ups	   adds	   confidence	   to	   these	   findings.	   Given	   the	   large	  
number	  of	  input	  variables	  and	  thus	  the	  complexity	  of	  the	  system	  any	  changes	  in	  recruitment	  will	  
always	   be	   very	   complex.	   In	   reality	   differences	   in	   subject	   anatomy	   may	   be	   important	   in	  
determining	  the	  muscle	  stresses.	  Figure	  9.43	  clearly	  illustrates	  how	  a	  difference	  in	  humeral	  head	  
anatomy	   could	   lead	   to	   a	   different	   moment	   arm	   in	   the	   axis	   presented	   and	   thus	   a	   different	  
recruitment	  strategy.	  Anatomy	  effects	  on	  kinematics	  and	  mechanics,	  as	  discussed	  in	  Section	  6.4,	  
will	  also	  affect	  the	  muscles	  used	  to	  actuate	  these	  movements	   in	  different	  subjects.	  Again,	  this	  
highlights	  further	  need	  for	  subject-­‐specificity	  in	  modelling.	  
9.4.4.b GH	  joint	  stability	  
An	   analysis	   of	   turning	   off	   the	  GH	   joint	   constraint	   is	   revealing	   for	   the	   influence	   of	  muscles	   in	  
moving	  the	  GH	  joint	  reaction	  force.	  This	  constraint	  maintains	  the	  GH	  joint	  reaction	  force	  within	  
an	  ellipse	  representing	  the	  glenoid.	  There	  are	  two	  positions	  where	  the	  force	  constraint	  becomes	  
active	   in	   the	   front	  pull-­‐up:	  at	   the	  end	  of	   the	  motion	  when	  the	  resultant	   force	  approaches	  the	  
superior	  and	  anterior	  portion	  of	  the	  glenoid	  and	  near	  the	  start	  of	  the	  motion	  in	  the	  inferior	  and	  
posterior	  portion	  of	   the	  glenoid	   (Figure	  9.4).	   The	   former	   state	   is	  present	   in	   two	  subjects.	  The	  
effect	  of	  turning	  off	  the	  constraint	  for	  these	  two	  subjects	  is	  shown	  in	  Figure	  9.44.	  As	  seen	  on	  the	  
GH	   force	   locus	   Subject	   s8	   spends	   less	   time	   at	   the	   limit	   of	   the	   ellipse	   and	   thus	   the	   required	  
differences	  in	  force	  are	  smaller.	  
These	   results	   (Figure	  9.44)	   agree	  with	   the	   commonly	   stated	   idea	   that	   the	   rotator	   cuff	   acts	   to	  
centre	  the	  GH	  joint	  reaction	  force	  (Yanagawa	  et	  al.,	  2008,	  Veeger	  &	  van	  der	  Helm,	  2007,	  Hsu	  et	  
al.,	  1997,	  van	  der	  Helm,	  1994a),	  with	  IS	  and	  SBS	  significantly	  increasing	  their	  activation	  to	  centre	  
the	   joint	   force.	   As	   theorised	   earlier,	   the	   activation	   of	   the	  middle	   deltoid	   acts	   to	   pull	   the	   GH	  
reaction	   force	   upward	   at	   the	   end	   of	   the	   motion	   and	   so	   when	   this	   constraint	   is	   used	   the	  
activation	  of	  the	  muscle	  decreases.	  It	  is	  likely	  that	  the	  increase	  in	  SS	  force	  compensates	  with	  its	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similar	   action	   (similar	   action	   demonstrated	   in	   Figure	   9.18c).	   This	   increase	   in	   SS	   force	   further	  
increases	   the	  eccentric	   loading	  on	  the	  muscle.	  A	   tighter	  stability	  constraint	  would	  presumably	  
increase	  this	  further.	  
With	  the	  joint	  force	  directed	  superiorly	  the	  humeral	  head	  might	  be	  liable	  to	  translate	  superiorly.	  
This	   translation	   in	   the	   joint	   has	   been	   shown	   to	   increase	   pressure	   on	   the	   muscles	   in	   the	  
subacromial	  space	  (Karduna,	  Kerner	  &	  Lazarus,	  2005).	  This	  may	  thus	  increase	  the	  risk	  of	  damage	  
to	  supraspinatus,	  especially	  given	  its	  relatively	  high	  activation.	  Fatigue	  of	  this	  muscle,	  as	  already	  
stated,	  is	  likely	  to	  increase	  the	  need	  for	  middle	  deltoid.	  This	  would	  exacerbate	  the	  issue.	  
	   	  
Figure	  9.44:	  Mean	  and	  maximum	  difference	  between	  muscle	  forces	  predicted	  with	  and	  without	  the	  GH	  joint	  force	  
constraint	   during	   a	   front	   pull-­‐up.	   The	   mean	   is	   only	   taken	   in	   frames	   where	   the	   force	   difference	   exceeds	   2N.	   A	  
positive	   value	   indicates	  more	   activation	   of	   the	  muscle	  with	   the	   constraint.	   The	   nine	   largest	   differences	   in	  mean	  
force	  are	  shown.	  The	  GH	  force	  locus	  shows	  the	  position	  of	  the	  joint	  reaction	  force	  on	  the	  glenoid	  ellipse	  for	  both	  
subjects.	  	  
The	  GH	   stability	   constraint	   is	   also	   active	   in	   these	   activities	   near	   the	   start	   of	   the	   front	   pull-­‐up	  
where	   the	  GH	   joint	   reaction	   force	   tends	   to	  be	   inferior	   and	   slightly	  posterior	   (Figure	  9.4).	   The	  
effect	  of	  removing	  the	  constraint	  in	  these	  cases	  is	  shown	  in	  Figure	  9.45.	  
The	  rotator	  cuff	  seems	  less	  involved	  in	  centring	  the	  joint	  reaction	  force	  in	  this	  case.	  However,	  SS	  
is	  again	  required	  to	   increase	   its	  activation	  and	  SBS	  also	  has	  a	  role.	  At	  high	  angles	  of	  elevation	  
and	   in	   external	   rotation	   of	   the	   humerus	   (as	   seen	   in	   pull-­‐ups;	   Figure	   6.32)	   the	   axial	   rotation	  
moment	   arms	   of	   IS	   and	   teres	  minor	   decrease	   significantly.	   SBS	   also	   sees	   some	   decrease	   and	  
supraspinatus’s	  moment	  arm	   increases.	   Thus	   the	  pattern	  of	   increased	  activation	   (Figure	  9.45)	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seems	  reasonable	  as	  the	  SS	  and	  SBS	  can	  maintain	  their	  actions	  in	  the	  front	  pull-­‐up	  (Figure	  9.18)	  
whilst	   also	   acting	   to	   centralise	   the	   joint	   reaction	   force.	   The	   fact	   that	   the	   force	   needs	   to	   be	  
brought	  anteriorly	  will	  also	  favour	  the	  use	  of	  SBS.	  Increased	  roles	  for	  teres	  major	  and	  posterior	  
deltoid	  as	  well	  as	  a	  reduction	   in	  pectoralis	  major	  also	  allow	  the	  stability	  constraint	  to	  be	  met.	  
This	   seems	   sensible,	   as	   the	   inferior	   origin	   of	   the	   pectoralis	   major	   makes	   it	   very	   effective	   at	  
moving	   the	   reaction	   force	   inferiorly.	   It	   may	   seem	   surprising,	   therefore,	   that	   latissimus	   dorsi,	  
with	  its	  inferior	  origin,	  slightly	  increases	  its	  activation.	  However,	  the	  path	  of	  this	  muscle	  through	  
the	  axilla	  and	  thus	  close	  to	  the	  head	  of	  the	  humerus	  seems	  to	  better	  situate	  the	  muscle	  in	  terms	  
of	  joint	  stability.	  It	  is	  surprising,	  given	  pectoralis	  major’s	  good	  ability	  to	  direct	  the	  joint	  reaction	  
anteriorly,	  that	  is	  does	  not	  have	  more	  of	  a	  role.	  As	  discussed	  the	  muscle	  pulls	  the	  reaction	  force	  
inferiorly	  and	  this	  effect	  may	  be	  too	  large	  to	  make	  the	  anterior	  direction	  effective.	  
To	  compensate	  for	  the	  loss	  of	  arm	  depressing	  action	  from	  the	  pectoralis	  major,	  teres	  major	  and	  
the	   posterior	   deltoid	   increase	   their	   activation.	   These	   muscles	   are	   more	   aligned	   with	   the	  
humerus	  and	  will	  thus	  direct	  the	  reaction	  force	  more	  directly	   into	  the	  glenoid.	  The	  role	  of	  the	  
scapula	  as	  a	  moving	  origin	  for	  these	  muscles	  is	  crucial	  here	  because	  it	  allows	  the	  advantageous	  
lines	  of	  action,	  in	  a	  stability	  sense,	  to	  compensate	  for	  the	  strong	  humerothoracic	  muscles.	  
	  
Figure	  9.45:	  Mean	  and	  maximum	  difference	  between	  muscle	  forces	  predicted	  with	  and	  without	  the	  GH	  joint	  force	  
constraint	  during	   a	   front	  pull-­‐up	   in	   three	   subjects.	   The	  mean	   is	  only	   taken	   in	   frames	  where	   the	   force	  difference	  
exceeds	   2N.	   A	   positive	   value	   indicates	   more	   activation	   of	   the	   muscle	   with	   the	   constraint.	   The	   eleven	   largest	  
differences	   in	  mean	   force	   are	   shown.	   The	   GH	   force	   locus	   shows	   the	   position	   of	   the	   joint	   reaction	   force	   on	   the	  
glenoid	  ellipse	  for	  all	  subjects.	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Stability	  in	  the	  wide	  pull-­‐up	  seems	  to	  be	  relatively	  poor	  (Figure	  9.4).	  The	  GH	  joint	  reaction	  force	  
seems	  particularly	  prone	  to	  being	  directed	  inferior	  and	  posterior.	  The	  effect	  of	  removing	  the	  GH	  
constraint	  is	  shown	  in	  Figure	  9.46.	  
The	  long	  head	  of	  biceps	  and	  triceps	  appear	  to	  have	  an	  important	  role	  in	  two,	  possibly	  three,	  of	  
the	   four	   subjects.	   The	   role	   of	   the	  bicep	  with	   its	   superior	   position	  on	   the	  GH	  head	   is	   sensible	  
since	   it	  will	  act	   to	  move	  the	  reaction	  force	  away	  from	  its	   inferior	  position	  on	  the	  glenoid.	  The	  
increase	   in	   the	   triceps	   activation	   may	   then	   counteract	   the	   increased	   elbow	   moment	  
contribution	  of	  the	  biceps	  while	  also	  contributing	  to	  depression	  of	  the	  arm.	  It	  should	  be	  noted	  
that	  there	  was	  no	  change	  in	  the	  other	  triceps	  heads.	  
While	  contributing	   to	  arm	  depression	   the	   long	  head	  of	   triceps	  will	  also	  make	  the	  GH	  reaction	  
force	  move	  slightly	  inferiorly.	  However	  this	  inferior	  translation	  may	  be	  less	  significant	  than	  that	  
of	   pectoralis	  major	   and	   infraspinatus,	   which	   both	   see	   decreases	   in	   their	   activation.	   A	   similar	  
pattern	  to	  the	  front	  pull-­‐up	  of	  increased	  teres	  major	  and	  posterior	  deltoid	  activation	  is	  observed	  
with	  the	  same	  justification	  applying.	  
	  
Figure	  9.46:	  Mean	  and	  maximum	  difference	  between	  muscle	  forces	  predicted	  with	  and	  without	  the	  GH	  joint	  force	  
constraint	   during	   a	  wide	   pull-­‐up	   in	   four	   subjects.	   The	  mean	   is	   only	   taken	   in	   frames	  where	   the	   force	   difference	  
exceeds	   2N.	   A	   positive	   value	   indicates	   more	   activation	   of	   the	   muscle	   with	   the	   constraint.	   The	   eight	   largest	  
differences	   in	  mean	   force	   are	   shown.	   The	   GH	   force	   locus	   shows	   the	   position	   of	   the	   joint	   reaction	   force	   on	   the	  
glenoid	  ellipse	  for	  all	  subjects.	  	  
It	  was	  theorised	  that	  there	  may	  be	  increased	  rotator	  cuff	  activation	  to	  improve	  stability	   in	  the	  
wide	  pull-­‐up	  because	  of	  its	  relatively	  extreme	  kinematics	  position	  (section	  6.4.4c).	  However,	  this	  









Mean	  force	  diﬀerence	  (N)	  
-­‐300	   0	   300	  
Max	  force	  diﬀerence	  (N)	  
	  	  s11	  
	  	  s8	  
	  	  s7	  








	   333	  
does	   not	   appear	   to	   be	   the	   case	   either	   in	   the	   overall	   muscle	   stress	   (Figure	   9.10)	   or	   in	   the	  
requirements	  of	  the	  GH	  constraint	  (Figure	  9.46).	  The	  former	  observation	  may	  lead	  to	  the	  latter	  –	  
since	   the	   cuff	   is	   not	   strongly	   used	   in	   the	  wide	   pull-­‐ups	   it	   is	  more	   efficient,	   in	   terms	   of	   total	  
squared	  muscle	  stress,	  to	  alter	  the	  levels	  of	  recruitment	  in	  those	  that	  are	  favoured	  initially.	  
A	  discrete	  approach	  to	  stability,	  where	  the	  constraint	  is	  either	  active	  or	  inactive,	  does	  not	  seem	  
physiological.	   Instead	  the	  control	  system	  is	   likely	   to	  try	  and	  keep	  the	  force	  direction	  relatively	  
central	   throughout	   a	  motion,	  with	   an	   increasing	   penalty	   as	   the	   force	   approaches	   the	   glenoid	  
rim.	   In	  vivo	  measurements	  of	  the	  GH	  joint	  reaction	  force	  are	  available(Bergmann	  et	  al.,	  2011).	  
However,	  these	  results	  are	  from	  post-­‐operative	  joint	  replacement	  patients	  and	  so	  should	  not	  be	  
considered	  normal.	  Translation	  of	  the	  humeral	  head:	  around	  1mm	  inferiorly	  and	  posteriorly	  at	  
high	   arm	   elevation	   (Kedgley	   et	   al.,	   2008,	   Bey	   et	   al.,	   2008),	  will	   exaggerate	   the	   failings	   of	   the	  
current	  constraint	  method.	  These	  translations	  would	  likely	  lead	  to	  the	  direction	  of	  the	  GH	  joint	  
reaction	  force	  vector	  falling	  outside	  of	  the	  ellipse	  at	  high	  elevation	  since	  the	  translations	  seen	  in	  
vivo	  are	  in	  a	  similar	  direction	  to	  that	  of	  the	  constraint	  violation	  (Figure	  9.4).	  Muscle	  loading	  has	  
been	  shown	  to	  reduce	  this	  translation	  (Kedgley	  et	  al.,	  2008),	  which	  further	  emphasises	  the	  need	  
for	   a	   more	   complete	   description	   of	   the	   stability	   control	   in	   musculoskeletal	   models.	   A	   soft-­‐
constraint	  model	  would	  be	  a	  good	  start	  and	  simple	  to	  implement	  in	  existing	  models.	  This	  model	  
could	  initially	  be	  based	  on	  the	  range	  of	  GH	  joint	  reaction	  forces	  described	  in	  the	  literature.	  
The	  authors	  are	  not	  aware	  of	  any	  studies	  looking	  at	  GH	  joint	  reaction	  force	  direction	  or	  humeral	  
head	  translations	  in	  the	  type	  of	  extreme	  activities	  presented	  here.	  This	  would	  present	  significant	  
practical	  challenges,	  although	  highly	   loaded	  activities	   like	  the	  ‘bench-­‐press’	  and	  ‘lat	  pull-­‐down’	  
exercises	  could	  be	  well	   suited	   to	  studying	   the	  humeral	  head	  translation	   in	  bi-­‐planar	  x-­‐ray	  set-­‐
ups.	   In	   the	   pull-­‐ups	   presented	   it	   may	   be	   that	   the	   discrete	   GH	   constraint	   is	   actually	   more	  
appropriate	  than	  in	  activities	  of	  daily	  living.	  Because	  the	  forces	  are	  very	  large	  and	  subjects	  are	  at	  
their	  physical	  and	  kinematics	  limits	  it	  may	  be	  that	  the	  joint	  forces	  will	  therefore	  be	  close	  to	  the	  
limits.	  Passive	  constraints	  like	  the	  GH	  ligaments	  (Southgate,	  2010)	  and	  the	  bony	  constraints	  may	  
become	  more	  important	  in	  that	  case.	  
Subluxations	  or	  dislocations	  of	  the	  GH	  joint	  do	  not	  appear	  to	  be	  common	  in	  the	  injury	  literature	  
during	  pull-­‐up	   type	  activities,	  with	  only	  one	   case	   study	   reported	   (Felderman,	   Shih	  &	  Maroun,	  
2009).	   This	  may	   indicate	   that	   other	   factors,	   such	   as	   the	   passive	   constraints	   discussed	   in	   this	  
section	  or	  a	  neurological	  focus	  on	  centring	  the	  reaction	  force	  rather	  than	  just	  keeping	  it	  within	  a	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bound,	  are	  more	  important	  than	  considered	  in	  musculoskeletal	  models.	  The	  high	  reaction	  forces	  
and	  muscle	  loads	  may	  also	  mean	  that	  the	  joint	  is	  relatively	  stable	  even	  when	  the	  reaction	  force	  
approaches	  the	  edges	  of	  the	  glenoid.	  Scaling	  of	  the	  glenoid	  to	  individual	  subjects	  may	  also	  be	  a	  
useful,	  but	  arduous,	  improvement.	  
The	   introduction	   of	   a	   soft-­‐constraint	   type	  model	  where	   the	   joint	   reaction	   force	   is	   kept	  more	  
central	   is	   likely	  be	  more	  physiological	  and	  to	   increase	  the	  activation	  of	   the	  muscles	   that	  were	  
shown	  to	  be	  important	  in	  this	  section.	  This	  is	  of	  particular	  concern	  in	  the	  front	  pull-­‐up	  where	  the	  
supraspinatus	   is	   eccentrically	   loaded	   and	   required	   to	   increase	   its	   activation.	   Interestingly	   the	  
long	  heads	  of	  triceps	  and	  biceps	  appear	  to	  be	  important	  in	  some	  cases	  during	  the	  wide	  pull-­‐up.	  
A	   larger	  group	  would	  be	   interesting	  to	  analyse	  this	   further.	  The	  movement	  of	   the	  scapula	  has	  
also	  been	  discussed	   in	  terms	  of	   the	  advantage	  that	   it	  provides	  the	  muscles	  originating	  from	  it	  
compared	  to	  the	  humerothoracic	  muscles.	  
9.4.4.c Triceps	  activation	  
The	   importance	   of	   the	   direction	   of	   the	   external	   force	   at	   the	   hand	   and,	   perhaps	   more	  
importantly,	  the	  angle	  of	  the	  forearm	  relative	  the	  global	  co-­‐ordinate	  frame	  has	  been	  discussed	  
with	  respect	  to	  the	  reverse	  pull-­‐up	  (Section	  9.4.2.f).	  It	  will	  therefore	  be	  taken	  as	  read	  that	  there	  
are	   different	   requirements	   at	   the	   elbow	   joint	   as	   a	   result	   of	   these	   kinematics	   and	   dynamics	  
differences.	  
In	  Chapter	  8	  it	  was	  described	  how	  the	  long	  head	  of	  triceps	  was	  modified	  such	  that	  it	  wrapped	  
around	  the	  bulk	  of	  the	  flexion/extension	  axis.	  This	  was	  not	  extended	  to	  the	  medial	  and	  lateral	  
head	   of	   the	   muscle.	   The	   effect	   is	   that	   these	   heads	   have	   a	   reduced	   moment	   arm	   in	   elbow	  
extension	  compared	  to	  the	  long	  head	  (Figure	  9.47).	  This	  difference	  is	  particularly	  pronounced	  in	  
the	  front	  pull-­‐up	  in	  the	  last	  30%	  of	  the	  motion.	  This	  difference	  will	  favour	  the	  activation	  of	  the	  
long	  head	  towards	  the	  end	  of	  the	  motion	  when	  the	  triceps	  are	  required	  to	  provide	  an	  extension	  
moment	  at	  the	  elbow	  (for	  example:	  Figure	  9.26).	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Figure	  9.47:	  Elbow	  extension	  moment	  arms	  of	  the	  three	  heads	  of	  the	  triceps	  brachii	  during	  the	  (a)	  front,	  (b)	  wide	  
and	  (c)	  reverse	  pull-­‐up.	  
Two	   subjects	   were	   chosen,	   one	   that	   required	   a	   particularly	   large	   extension	   moment	   at	   the	  
elbow	   (s2)	   and	   one	   that	   required	   a	   more	   average	  moment	   (s7).	   The	   effect	   of	   wrapping	   the	  
medial	  and	   lateral	  heads	   in	  the	  same	  way	  as	  the	   long	  head	   is	   fairly	   large	   in	  Subject	  s2	   (Figure	  
9.48).	  As	  expected	  given	  the	  changes	  seen	  in	  moment	  arm	  (Figure	  9.47)	  the	  differences	  are	  seen	  
in	  the	  last	  30%	  of	  the	  motion.	  The	  very	  high	  activation	  of	  long	  head	  of	  triceps	  in	  this	  part	  of	  the	  
motion	   indicates	   the	   large	   extension	   moment	   required	   at	   the	   elbow.	   The	   largest	   change	   in	  
muscle	  force	  is	  in	  the	  long	  head	  of	  triceps,	  which	  reduces	  by	  about	  80%.	  The	  medial	  head	  also	  












































Figure	   9.48:	   (a)	   Muscle	   force	   predicted	   for	   Subject	   s2	   during	   the	   front	   pull-­‐up	   with	   only	   long	   head	   of	   triceps	  
wrapping	  around	  the	  flexion	  axis	  and	  (b)	  the	  difference	  with	  all	  heads	  of	  the	  triceps	  wrapping	  around	  the	  flexion	  
axis.	  A	  negative	  value	  indicates	  the	  muscle	  force	  is	  less	  when	  all	  heads	  are	  wrapping.	  
As	  all	  the	  heads	  have	  an	  increased	  moment	  arm	  the	  total	  stress	  in	  the	  triceps	  brachii	  is	  reduced	  
significantly	  with	   the	  medial	   and	   lateral	   heads	   peaking	   at	   around	  650N	  and	   the	   long	   head	   at	  
around	  250N.	  The	  reason	  for	  this	  reduction	  in	  long	  head	  activation	  is	  that	  it	  also	  has	  an	  action	  
around	  the	  GH	  joint	  and	  therefore	  requires	  the	  activation	  of	  other	  muscles	  to	  compensate	  for	  
this	  moment.	  Middle	  deltoid	  and	  supraspinatus	  have	  already	  been	  highlighted	  as	   the	  muscles	  
that	  do	  this;	  hence	  their	  activation	  is	  significantly	  reduced	  in	  line	  with	  the	  reduction	  of	  the	  long	  
head	  of	  triceps.	  It	  should	  be	  noted,	  however,	  that	  both	  these	  muscles	  have	  significant	  activation	  
before	   the	   last	   30%	   of	   this	   front	   pull-­‐up	   and	   in	   the	   last	   30%	   they	   still	   peak	   at	   around	   330N	  
(middle	  deltoid)	  and	  170N	  (SS).	  The	  discussion	  of	  their	  significant	  eccentric	  loading	  is	  therefore	  
still	  valid,	  and	  unaffected	  in	  the	  middle	  portion	  of	  the	  motion.	  
The	  subscapularis	  also	  sees	  a	  decrease	  in	  its	  activation	  in	  this	  case	  (Figure	  9.48),	  but	  as	  with	  the	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throughout	  the	  motion.	  Infraspinatus	  sees	  a	  substantial	  reduction	  in	  its	  activation	  here	  and	  thus	  
has	  a	  small	  activity	  in	  the	  last	  30%.	  This	  muscle	  has	  been	  shown	  to	  have	  its	  primary	  activation	  
and	  effect	  in	  the	  first	  60%	  of	  all	  three	  pull-­‐ups	  (Figures	  9.7,	  9.10	  and	  9.13)	  and	  so	  the	  discussion	  
of	  its	  action	  is	  unaffected.	  
Subject	  s7	  has	  a	  maximum	  triceps	  long	  head	  activation	  of	  750N	  and	  an	  average	  activation	  in	  the	  
last	  20%	  of	  the	  front	  pull-­‐up	  of	  300N.	  This	  represents	  one	  of	  the	  lower	  activations	  amongst	  the	  
eleven	  subjects	  tested	  (Figures	  9.5	  and	  9.6).	  In	  this	  case	  the	  only	  changes	  are	  in	  the	  last	  20%	  of	  
the	  motion	  and	  they	  are	  negligible	  in	  all	  muscles	  except	  the	  triceps	  brachii	  (Figure	  9.49).	  
	  
Figure	  9.49:	  Mean	  percentage	  change	  in	  Subject	  s7	  for	  the	   last	  20%	  of	  the	  front	  pull-­‐up	  between	  the	  case	  where	  
only	  long	  head	  of	  triceps	  is	  wrapping	  around	  the	  elbow	  flexion	  axis	  and	  when	  the	  three	  heads	  are	  all	  wrapping.	  The	  
6	  most	  active	  muscles	  are	  shown	  with	  the	  three	  heads	  of	  the	  triceps.	  
It	  has	  been	  shown	  that	  the	  wrapping	  of	  all	   the	  heads	  of	  the	  triceps	  brachii	  around	  the	  flexion	  
axis	  of	  the	  elbow	  has	  a	  significant	  effect	  on	  the	  recruitment	  of	  the	  different	  heads	  of	  the	  muscle	  
during	  the	  front	  pull-­‐up	  when	  the	  required	  extension	  moment	  is	  large.	  This	  change	  also	  affects	  
the	   middle	   and	   posterior	   deltoid,	   supraspinatus,	   infraspinatus	   and	   subscapularis	   in	   the	   last	  
portion	  of	  the	  motion.	  In	  the	  wide	  and	  reverse	  pull-­‐ups	  these	  changes	  are	  considerably	  smaller	  
and	   in	   a	  more	   limited	  portion	  of	   the	  motion	  because	   the	  differences	   in	  moment	   arms	  of	   the	  
triceps	  brachii	  are	  smaller	  and	  more	  confined	  (Figure	  9.47).	  
A	  compromise	  between	  these	  two	  states	  should	  be	  adopted	   in	   future	  work.	  The	  cylinder	   that	  
represents	  the	  flexion	  axis	  has	  a	  radius	  of	  15mm,	  which	  is	  rather	  large	  given	  the	  groove	  that	  is	  
present	   in	   the	  posterior	  part	  of	   the	  elbow	  (Figure	  9.50).	  This	  groove	   is	  necessary	   to	  allow	  the	  
rotation	  of	   the	  olecranon	  around	   the	   trochlea	  and	   fill	   the	  olecranon	   fossa	   in	   full	   extension.	  A	  
wrapping	  object	  that	  fits	  the	  radius	  of	  the	  trochlea	  would	  be	  ideal	  for	  all	  the	  heads	  of	  the	  triceps	  
to	   wrap	   around,	   as	   well	   as	   the	   existing	   olecranon	   cylinder.	   Wrapping	   around	   the	   humeral	  



















Figure	  9.50:	  Representation	  of	  NSM	  in	  OpenSim	  showing	  the	  triceps	  brachii	  wrapping	  and	  elbow	  anatomy.	  
9.4.5 Eccentric	  loading	  and	  general	  injury	  implications	  
Three	  muscles	   have	   been	   identified	   as	   being	   eccentrically	   loaded	   during	   pull-­‐ups:	   the	  middle	  
portion	  of	  the	  deltoid,	  triceps	  brachii	  and	  supraspinatus.	  
9.4.5.a Deltoid	  
The	  role	  of	  the	  middle	  deltoid	  has	  been	  identified	  as	  the	  provision	  of	  an	  abduction	  moment	  to	  
the	  GH	  joint	  during	  the	  front	  and	  reverse	  pull-­‐ups	  as	  well	  as	  improving	  GH	  joint	  stability	  at	  the	  
top	  of	  the	  pull-­‐ups.	  An	  example	  is	  shown	  of	  this	  action	  and	  the	  associated	  muscle	  force	  in	  the	  
mean	  subject	  in	  terms	  of	  the	  mean	  and	  maximum	  middle	  deltoid	  activation	  (Figure	  9.51).	  As	  the	  
arms	  come	  down	  towards	  the	  body	  the	  humerus	  internally	  rotates.	  This	  can	  lead	  to	  a	  positive	  
abduction	  moment	  being	  required	  at	  the	  joint	  as	  the	  external	  force	  is	  put	  on	  the	  other	  side	  of	  
the	   abduction/adduction	   axis.	   If	   the	   hands	   are	   closer	   together	   this	   is	   likely	   to	   increase	   the	  
required	  abduction	  moment	  at	  the	  top	  of	  the	  motion.	  The	  anterior	  momentum	  of	  the	  body	  at	  
the	   top	  of	   the	  pull-­‐up	  will	   act	   to	  direct	   the	   reaction	   force	  at	   the	  hands	  more	  posteriorly	   thus	  
increasing	  the	  extension	  moment	  required	  at	  the	  elbow	  and	  potentially	  the	  adduction	  moment	  
as	  well.	   These	   points	   on	   technique	  may	   be	   useful	   in	   avoiding	   large	   stresses	   in	   a	  muscle	   that	  
undergoes	   eccentric	   loading,	   and	   is	   thus	   susceptible	   to	   damage,	   and	   also	   acts	   to	   pull	   the	  
humeral	   head	   superiorly	   (Figure	   9.44)	   and	   is	   thus	   liable	   to	   increase	   the	   risk	   of	   impingement	  
injuries	  (Karduna,	  Kerner	  &	  Lazarus,	  2005).	  
The	  forces	  that	  the	  middle	  deltoid	  produces	  in	  eccentric	  loading	  reach	  650N,	  although	  this	  will	  
be	   around	   500N	   with	   triceps	   wrapping	   around	   a	   large	   elbow	   cylinder	   (Section	   9.4.4.c).	   The	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maximum	  allowable	  force	  with	  the	  original	  muscle	  bounds	  in	  the	  NSM	  was	  390N,	  although	  this	  
has	  been	  shown	  to	  be	  low	  compared	  to	  the	  literature	  (Table	  8.3).	  If	  the	  value	  is	  bought	  in	  line	  
with	   the	   highest	   literature	   value	   the	   maximum	   allowable	   isometric	   force	   would	   be	   around	  
1000N.	  Therefore	  the	  muscle	  may	  be	  activated	  to	  at	   least	  50%	  of	  its	  maximum	  in	  an	  eccentric	  
contraction	  making	  it	  high	  risk	  for	  injury.	  High	  fatigue	  of	  this	  muscle	  could	  lead	  to	  a	  significant	  
increase	  of	  loading	  on	  the	  supraspinatus	  (Figure	  9.51).	  
	  
	  
Figure	  9.51:	  (a)	  Moments	  around	  the	  abduction/adduction	  axis	  of	  the	  humerus	  and	  (b)	  muscle	  forces	  in	  the	  same	  
motion.	  Subject	  s10	  is	  presented,	  since	  they	  represent	  the	  mean	  subject	  in	  terms	  of	  the	  mean	  middle	  deltoid	  stress.	  
A	  case	  of	  muscle	  strain	  in	  the	  posterior	  deltoid	  has	  been	  reported	  in	  a	  climbing	  athlete	  (Bollen,	  
1990).	   Although	   this	   muscle	   was	   not	   predicted	   to	   undergo	   eccentric	   loading	   in	   the	   pull-­‐ups	  
studied	  here	   it	  has	  been	  shown	   to	  undergo	  very	  high	   stresses,	  particularly	   in	   the	   reverse	  and	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(Section	  9.4.2)	  and	  it	  seems	  that	  the	  wide	  pull-­‐up	  avoids	  high	  stresses	   in	  this	  muscle.	   It	   is	  also	  
worth	   noting	   that	   the	   downward	   portion	   of	   the	   pull-­‐up	   has	   not	   been	   presented	   here.	   This	  
movement	  is	  likely	  to	  induce	  significant	  eccentric	  loading.	  
9.4.5.b Supraspinatus	  
The	  role	  of	  the	  supraspinatus	  has	  been	  discussed	  in	  the	  front	  and	  reverse	  pull-­‐ups.	  The	  level	  of	  
force	  is	  slightly	  lower	  than	  that	  of	  the	  middle	  deltoid.	  If	  the	  largest	  bounds	  in	  the	  literature	  are	  
used	  the	  average	  activation	  in	  the	  front	  pull-­‐up	  is	  about	  35%	  and	  just	  above	  100%	  in	  the	  reverse	  
pull-­‐up.	  The	  forces	  in	  the	  reverse	  pull-­‐up	  have	  been	  discussed	  and	  may	  over-­‐exaggerate	  those	  
that	   exist.	   Regardless	   the	   activation	   of	   the	   supraspinatus	   can	   be	   thought	   of	   as	   sizeable,	  
especially	   given	   the	   eccentric	   nature	   of	   the	   loading.	   The	   significance	   of	   the	   differences	   in	  
activation	   of	   SS	   across	   the	   three	   pull-­‐ups	   was	   analysed,	   and	   it	   was	   found	   that	   there	   were	  
significant	  differences	  at	  p<0.001.	  All	  pair-­‐wise	  comparisons	  also	  showed	  significant	  differences.	  
It	   has	  been	   shown	   that	   the	   smallest	   subacromial	   space	  occurs	   at	  120°	  humeral	   elevation	  and	  
about	   90°	   abduction	   and	   45°	   external	   rotation	   (Graichen	   et	   al.,	   1999b).	   These	   positions	   are	  
equivalent	  to	  the	  start	  of	   the	  pull-­‐ups	  and	  the	  mid-­‐portion	  of	   the	  motion	  (Figure	  6.32).	   In	   the	  
first	  position	  it	  was	  stated	  that	  the	  medial	  border	  of	  the	  acromion	  was	  lateral	  to	  the	  SS	  tendon	  
and	  thus	  the	  risk	  was	  less	  severe	  (Graichen	  et	  al.,	  1999b).	  However,	  with	  the	  high	  external	  loads	  
during	  pull-­‐ups	   there	   could	  be	   some	   translations	   at	   the	  GH	   joint	   that	   could	  bring	   the	   tendon	  
more	  lateral	  and	  thus	  increase	  the	  risk	  of	  injury.	  Equally,	  the	  strong	  adducting	  actions	  provided	  
by	   the	  muscles	   in	   this	   activity	  may	   act	   to	   increase	   this	   space,	   as	   is	   the	   case	   in	   unloaded	  arm	  
adduction	  (Graichen	  et	  al.,	  2005).	  The	  small	  sub-­‐acromial	  space	  in	  the	  mid	  portion	  of	  the	  pull-­‐
ups	  is	  of	  more	  concern	  since	  this	  is	  where	  SS	  is	  most	  active.	  
The	   other	   risk	   with	   heavy	   repetitive	   eccentric	   loading	   of	   SS	   is	   fatigue.	   Impingement	   subjects	  
have	  been	  shown	  to	  have	  weakness	   in	   the	   rotator	  cuff	   (Michener,	  McClure	  &	  Karduna,	  2003)	  
and	   heavy	   fatigue	   will	   effectively	   result	   in	   a	   weak	   rotator	   cuff.	   All	   the	   problems	   with	   poor	  
glenohumeral	  control	  discussed	  above	  then	  lead	  to	  injury	  risk.	  
It	  is	  noted	  that	  although	  the	  rotator	  cuff,	  and	  SS	  in	  particular,	  is	  not	  significantly	  stressed	  in	  the	  
wide	  pull-­‐up	  the	  kinematics	  were	  suggested	  to	  put	  these	  muscles	  at	  higher	  risk	  of	  impingement	  
(Section	  6.4.4).	  It	  is	  also	  speculated	  that	  the	  posterior	  direction	  of	  the	  joint	  reaction	  force	  seen	  
in	  the	  wide	  pull-­‐up	  (Figure	  9.46)	  may	  cause	  some	  translation	  in	  this	  direction.	  It	  has	  been	  shown	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that	   protraction	   of	   the	   scapula	   reduces	   the	   subacromial	   space	   (Solem-­‐Bertoft,	   Thuomas	   &	  
Westerberg,	  1993).	  Thus,	  it	  can	  be	  further	  speculated	  that	  a	  posterior	  translation	  of	  the	  humeral	  
head	  could	  also	  act	  to	  reduce	  this	  space	  and	   increase	  risk	  of	  high	  subacromial	  pressures	   in	  an	  
activity	  that	  already	  appears	  to	  be	  in	  a	  vulnerable	  position.	  
9.4.5.c Elbow	  muscles	  
The	  triceps	  brachii	  have	  been	  shown	  to	  be	  active	  towards	  the	  end	  of	  the	  front	  and	  wide	  pull-­‐ups	  
and	   throughout	   in	   the	   reverse	   pull-­‐up.	   This	   happens	   regardless	   of	   the	   wrapping	   employed	  
around	  the	  elbow,	  although	  a	  uniform	  strategy	  across	  the	  heads	  will	  reduce	  the	  load	  on	  any	  one	  
part.	   This	  muscle	  may	   therefore	   be	   eccentrically	   loaded.	   Although	   there	   is	   clear	   evidence	   for	  
tendonitis	  and	  traumatic	   injuries	  at	  the	  elbow	  and	  in	  the	  biceps,	   it	   is	  not	  clear	   if	   the	  triceps	   is	  
also	  susceptible	  to	  these	  (Gerdes,	  Hafner	  &	  Aldag,	  2006,	  Schoffl,	  Harrer	  &	  Kupper,	  2006,	  Bollen,	  
1990).	  
Although	   biceps	   injuries	   related	   to	   high	   stresses	   are	   well	   reported,	   particularly	   high	   stresses	  
were	  not	  predicted	  here.	  The	   lack	  of	  co-­‐contraction	  at	   the	  elbow	  has	  been	  discussed	   (Section	  
9.4.3)	   and	   may	   be	   a	   reason	   for	   relatively	   low	   activation.	   A	   degree	   of	   ‘bow-­‐stringing’	   in	   this	  
muscle	  may	  also	  act	  to	  considerably	  reduce	  the	  stresses.	  
9.4.6 Methods	  discussion	  
There	  are	  a	  number	  of	   limitations	   to	   the	   results	  presented	   in	   this	  chapter	   that	  are	  associated	  
with	  the	  measurement	  and	  modelling	  of	  a	  complex	  and	  extreme	  activity.	  In	  Chapters	  7,	  8	  and	  9	  
there	  were	  discussions	  of	  the	  specific	  limitations	  to	  the	  methods	  described,	  in	  particular:	  muscle	  
wrapping,	  muscle	  force	  bounds,	  scapula	  optimisation,	  clavicle	  axial	  rotation	  measurements,	  soft	  
tissue	   artefacts	   and	   the	  need	   for	   a	   larger	   group.	   Some	  other	  points	   are	  mentioned	  here	   that	  
have	  direct	  relevant	  to	  the	  muscle	  force	  predictions	  presented.	  
The	  measurement	  of	  the	  hand	  itself,	  and	  thus	  calculation	  of	  the	  wrist	  kinematics	  and	  dynamics,	  
has	  not	  been	  undertaken	  because	  of	  the	  lack	  of	  musculature	  in	  the	  NSM.	  High	  grip	  strength	  has	  
been	  shown	  to	  have	  an	  impact	  on	  the	  dynamics	  and	  muscle	  recruitment	  at	  more	  proximal	  joints	  
(Chadwick	  &	  Nicol,	  2000,	  Amis,	  Dowson	  &	  Wright,	  1980).	  However,	  the	  experiments	  looking	  into	  
grip	  tend	  to	  use	  a	  position	  where	  the	  whole	  hand	  is	  wrapped	  around	  a	  handle	  and	  the	  subject	  
Chapter	  9	  
	  342	  
grips	  at	  their	  maximum	  (Ratamess	  et	  al.,	  2007,	  Chadwick	  &	  Nicol,	  2000,	  Amis,	  Dowson	  &	  Wright,	  
1980).	  In	  a	  pull-­‐up	  up	  the	  position	  of	  the	  hand	  is	  commonly	  an	  open,	  hook	  like	  position.	  
Since	   pull-­‐ups	   can	   be	   performed	   with	   a	   nearly	   open	   hand	   then	   moments	   at	   the	   interface	  
between	  the	  hand	  and	  the	  bar	  should	  be	  small	  relative	  to	  the	  magnitude	  and	  direction	  of	  the	  
external	   force.	  These	  moments	  were	  thus	  not	  considered,	  although	  an	  analysis	  of	   these	  could	  
be	  interesting	  with	  the	  use	  of	  an	  instrumented	  pull-­‐up	  bar.	  
Wrist	   kinematics	   is	   likely	   to	   be	   very	   limited	   in	   flexion/extension	   since	   these	  muscles	   are	   not	  
capable	   of	   supporting	   the	   high	  moments	   that	   this	   rotation	  would	   induce.	   Visually	   there	  was	  
seen	  to	  be	  little	  rotation	  around	  this	  axis	  in	  the	  subjects	  tested.	  However,	  there	  are	  rotations	  of	  
≈20°	  of	  varus/valgus	  rotation.	  This	  rotation	  would	  affect	  the	  point	  of	  force	  application	  and	  thus	  
have	  consequences	  proximally.	  An	  instrumented	  bar	  would	  be	  the	  ideal	  solution	  since	  it	  could	  
also	   measure	   the	   medial/lateral	   forces.	   These	   forces	   may	   be	   particularly	   important	   in	   the	  
reverse	  and	  wide	  pull-­‐ups.	  
The	  importance	  of	  these	  measures	  is	  in	  the	  application	  of	  the	  external	  force,	  which	  is	  large,	  to	  
the	  upper	  limb	  model.	  It	  has	  already	  been	  discussed	  how	  small	  differences	  in	  orientation	  of	  the	  
segments	  or	   the	   force	  can	  have	  a	  significant	  effect	   (Section	  9.4.2.f).	  This	   therefore	  brings	   into	  
question	   the	   force	  measurement	  methodology,	  which	   has	   not	   yet	   been	   thoroughly	   tested	   or	  
discussed	   in	   the	   context	   of	   these	   activities.	   This	   task	   is	   undertaken	   in	   the	   following	   chapter	  
(Chapter	  10).	  
Anatomical	  variability	  is	  not	  well	  captured	  in	  this	  model.	  In	  Chapter	  7	  small	  changes	  in	  moment	  
arms	  were	   shown	   to	  make	   a	   significant	   difference	   to	   the	  muscle	   recruitment.	   It	  may	   be	   that	  
individuals	   have	   optimised	  moment	   arms	   for	   their	   kinetics	   and	   kinematics	   and	   so	   the	   actual	  
muscle	  loads	  are	  less	  variable.	  
The	  inclusion	  of	  a	  muscle	  dynamics	  model	  would	  be	  interesting	  since	  at	  the	  very	  high	  angles	  of	  
humeral	  elevation	   it	   is	   likely	   that	   the	  passive	  effect	  of	   the	  muscles	  could	  be	   important	   (Zajac,	  
1989).	   The	   problems	   with	   calculating	   optimal	   length	   has	   been	   discussed	   both	   in	   terms	   of	  
uncertainty	   in	   the	   literature,	   scaling	   and	  model	   sensitivity	   (Chapter	  4)	   as	  well	   as	   the	  dynamic	  
nature	  of	  this	  property	  under	  eccentric	  loading	  (Section	  9.1;	  Brockett,	  Morgan	  &	  Proske,	  2001).	  
These	  factors	  make	  consideration	  of	  this	  difficult.	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Consideration	   of	   the	  GH	   ligaments	   could	   be	   important	   at	   these	   high	   levels	   of	   arm	   elevation.	  
However,	  the	  moment	  contributions	  seem	  to	  be	  small	  with	  respect	  to	  the	  required	  moments	  in	  
pull-­‐ups,	   albeit	   in	   simple	   unloaded	   movements	   (Southgate,	   2010).	   In	   the	   reverse	   pull-­‐up	   in	  
particular,	  the	  bony	  constraints	  may	  also	  be	  influential.	   It	  has	  been	  noted,	  with	  respect	  to	  the	  
glenohumeral	   joint	   contact	   forces	   (Section	  9.4.1.b),	   that	   the	  activations	   in	   the	   front	  and	  wide	  
pull-­‐up	  may	   be	   lower	   than	   expected.	   It	  may	   be,	   therefore,	   that	   the	   amount	   of	   strain	  will	   be	  
somewhere	  in-­‐between	  the	  two	  levels.	  
However,	  the	  results	  presented	  here	  seem	  sensible	  within	  the	  generally	  accepted	  action	  of	  the	  
muscles	  of	  the	  upper	  limb	  and	  the	  agreement	  with	  EMG	  measurements	  improves	  confidence.	  
9.5 Conclusions	  
− The	  predicted	  muscle	   forces	  were	  presented	   for	   the	   front,	  wide	   and	   reverse	  pull-­‐ups.	  
These	   values	   were	   shown	   to	   be	   sensible	   and	   in	   general	   agreement	   with	   EMG	  
measurements	  from	  the	  literature.	  
− Significant	   differences	  were	   presented	   and	   explained	   between	   the	  muscle	   activations	  
and	  recruitment	  strategies	  in	  the	  three	  pull-­‐ups.	  
− The	  glenohumeral	   joint	  stability	   in	  the	  reverse	  pull-­‐up	  was	  shown	  to	  be	  better	  than	   in	  
the	   front	   and	   wide	   pull-­‐ups.	   The	   significantly	   higher	   proportional	   activation	   of	   the	  
rotator	   cuff	   seems	   to	   be	   important	   in	   this.	   In	   the	   front	   and	  wide	  pull-­‐ups	   the	   rotator	  
cuff,	   posterior	   deltoid,	   teres	  major,	   bicep	   and	   triceps	  were	   shown	   to	   be	   important	   in	  
maintaining	  stability	  whilst	  the	  pectoralis	  major	  was	  a	  uniformly	  de-­‐stabilising	  influence.	  
− The	  role	  of	  the	  scapula	  was	  highlighted	  both	  in	  causing	  differences	  on	  an	  individual	  level	  
in	   the	   front	   pull-­‐up	   as	   well	   as	   allowing	   advantageous	   moment	   arms	   for	   the	   muscles	  
originating	   in	   the	   bone.	   Stabilisation	   of	   the	   scapula	   was	   seen	   to	   arise	   from	   different	  
muscles	  depending	  on	   the	  pull-­‐up	  and	   individual	   scapula	  kinematics.	  The	  wide	  pull-­‐up	  
required	  a	  particular	  muscle	  recruitment	  to	  maintain	  the	  ‘locked-­‐in’	  scapula	  position.	  
− Risk	  of	   injury	  was	  seen	  to	  arise	  through	  eccentric	   loading	  of	  supraspinatus	  and	  middle	  
deltoid	  and	  modelling	  assumptions	  at	  the	  glenohumeral	  joint	  were	  seen	  to	  be	  important	  







Chapter	  10 	  
Testing	  force	  measurement	  methodology	  
	  
	  
This	  chapter	  tests	  the	  measurement	  of	  the	  external	  force	  at	  the	  hand	  with	  the	  use	  of	  one	  force	  
plate	   by	   comparison	   with	   multiple	   force	   plates.	   Sensitivity	   to	   changes	   in	   the	   vertical,	  
anterior/posterior	   and	   medial/lateral	   forces	   is	   analysed.	   This	   testing	   is	   necessary	   to	   allay	  
concerns	  that	  the	  single	  force	  plate	  testing	  did	  not	  appropriately	  capture	  the	  forces.	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10.1 Introduction	  
In	  everyday	  activities	  the	  mass,	  moment	  of	  inertia	  properties	  and	  accelerations	  of	  the	  segments	  
are	  the	  key	  parameters	  that	  determine	  the	  inter-­‐segmental	  dynamics.	  However,	  in	  highly	  loaded	  
activities	  (either	  static	  or	  dynamic)	  the	  external	  force	  at	  the	  end	  effector	  becomes	  an	  important	  
consideration.	   In	   extreme	   cases,	   such	   as	   in	   the	   pull-­‐ups	   studied	   here,	   this	   force	  may	   be	   the	  
primary	  consideration.	  
At	   the	   time	  of	  data	   collection	  a	   single	   force	  plate	  was	  used	  with	  a	  wooden	  plate	   intended	   to	  
provide	  stability	  to	  the	  pull-­‐up	  frame	  (Figure	  10.1).	  
	  
Figure	  10.1:	  Apparatus	  set-­‐up	  for	  data	  collection	  in	  presented	  results	  (diagram	  to	  scale).	  
This	  measurement	  method	  may	  be	   susceptible	   to	  errors	   in	   the	  measurement	  of	   the	   forces	   in	  
both	   directions:	   superior/inferior	   and	   anterior/posterior.	   This	   was	   discussed	   in	   the	   previous	  
chapter	  and	  was	  highlighted	  as	  a	  factor	  that	  could	  be	  important	  when	  predicting	  the	  particularly	  
large	  forces	  during	  the	  reverse	  pull-­‐up,	  as	  well	  as	  in	  all	  other	  activities.	  
In	   the	   literature	   an	   instrumented	   handle	   has	   been	   used	   to	   measure	   the	   forces	   at	   the	   hand	  
during	  a	  reverse	  pull-­‐up	  (Runciman,	  1993).	  This	  study	  found	  lateral	  forces	  as	  large	  as	  7%	  of	  the	  
body	   weight	   during	   the	   activity.	   The	   lack	   of	   inclusion	   of	   these	   forces	   may	   be	   an	   important	  
limitation	  to	  the	  current	  study.	  
The	  aim	  of	  this	  chapter	  is	  to	  test	  the	  original	  force	  measurement	  methodology.	  This	  will	  indicate	  













The	  pull-­‐up	   frame	  was	   positioned	   such	   that	   the	   force	   exerted	  on	   the	  wooden	  plate	   could	   be	  
measured	  in	  the	  same	  position	  as	  it	  was	  in	  the	  original	  set-­‐up	  (Figure	  10.2).	  Two	  of	  the	  subjects	  
presented	  in	  Chapters	  6	  and	  9	  (s5	  and	  s7)	  are	  used	  as	  the	  subjects	  for	  this	  study.	  
The	   compensation	   factor	   described	   previously	   (Section	   6.2.5)	   was	   used	   here;	   this	   applies	   an	  
offset	  to	  the	  vertical	  force	  based	  on	  the	  measured	  weight	  of	  the	  subject	  standing	  compared	  to	  
their	  measured	  weight	  hanging.	  This	  was	  done	  without	  any	  information	  from	  the	  second	  force	  
plate.	  
Subjects	  performed	  front,	  wide	  and	  reverse	  pull-­‐ups	  as	  described	  in	  Section	  6.2.4.	  
	  
Figure	  10.2:	  Apparatus	  set-­‐up	  for	  testing	  of	  data	  collection	  method	  (diagram	  to	  scale).	  
10.2.2 Data	  Analysis	  
The	   second	   force	   plate	   data	   was	   taken	   into	   account	   simply	   by	   summing	   the	   vertical	   and	  
anterior/posterior	   measures	   from	   the	   two	   plates.	   The	   marker	   and	   force	   data	   was	   then	  
processed	  as	  described	   in	  Chapters	  6	  –	  9.	  Note	  that	   the	   lateral	  component	  of	   the	  force	   is	  not	  
considered	   throughout	   the	   thesis.	   The	   two-­‐force-­‐plate	   case	   and	   the	   single-­‐force-­‐plate	   case	  
(recreating	   the	   original	   conditions)	  were	   then	   processed	   separately	   to	   determine	   the	   inverse	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The	  average	  differences	  between	  the	  moments	  at	  the	  GH	  joint	  and	  the	  flexion	  axis	  of	  the	  elbow	  
were	  summed.	  The	  front	  pull-­‐up	  was	  thus	  shown	  to	  have	  the	  largest	  change.	  This	  activity	  is	  thus	  
presented	  in	  more	  depth.	  
A	   constant	   value	   of	   3%	   body	  weight	   is	   applied	   laterally	   when	   the	   effect	   of	   a	   lateral	   force	   is	  
investigated.	   This	   addition	   to	   the	   force	   vector	   is	   discussed	   in	   terms	   of	   the	   magnitude	   and	  
relevance	  in	  Section	  10.4.	  
10.3 Results	  
10.3.1 Anterior/posterior	  force	  
The	   magnitude	   of	   the	   vertical	   force	   sees	   very	   little	   change	   when	   the	   second	   force	   plate	   is	  
considered.	  The	  difference	  peaks	  at	  2.5%	  body	  weight	  at	  the	  end	  of	  the	  motion,	  but	  is	  generally	  
consistent	  at	  0.5%	  (Figure	  10.3).	  The	  angle	  of	   the	   force	  sees	  a	  more	  significant	  but	  consistent	  
effect	  (Figure	  10.4).	  
The	   effects	   of	   these	   changes	   to	   the	   external	   force	   on	   the	   moments	   after	   inverse	   dynamics	  
calculations	  are	  shown	  in	  Figure	  10.5	  for	  the	  front	  pull-­‐up.	  Again,	  these	  changes	  are	  small	  both	  
in	  magnitude	  and	  relative	  to	  the	  original	  values.	  Changes	  in	  the	  inverse	  dynamics	  moments	  will	  
directly	  result	  in	  changes	  to	  the	  predicted	  muscle	  forces.	  
The	  changes	   to	   the	   inverse	  dynamics	  moments	  at	   the	  elbow	  are	  presented	   in	  Figure	  10.6.	  As	  
with	   the	  vertical	   force	   it	   seems	   that	   the	  differences	  are	   consistent	   through	   the	  middle	  of	   the	  





Figure	  10.3:	  Top:	  Vertical	  component	  of	   force	   in	   the	   front	  pull-­‐up	  measured	  with	   two	   force	  plates	   for	  Subject	  s7	  
(black)	  and	  s5	  (grey).	  Bottom:	  The	  difference	  when	  measured	  with	  one	  force	  plate.	  
	  
Figure	   10.4:	   Anterior	   rotation	   angle	   of	   the	   force	   at	   the	   hand	   during	   the	   front	   pull-­‐up	  measured	  with	   two	   force	  
plates	  for	  Subject	  s7	  (black)	  and	  s5	  (grey).	  The	  dashed	  line	  shows	  the	  difference	  when	  one	  force	  plate	  was	  used.	  A	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Figure	  10.5:	  Top:	  GH	  inverse	  dynamics	  moments	  in	  the	  front	  pull-­‐up	  measured	  with	  two	  force	  plates	  for	  Subject	  s7	  
(black)	  and	  s5	  (grey):	  moment	  around	  x-­‐axis	  through	  epicondyles	  (solid	  line),	  moment	  around	  y-­‐axis,	  the	  long	  axis	  
(dashed	  line)	  and	  moment	  around	  the	  z-­‐axis	  (dotted	   line).	  Bottom:	  The	  difference	  between	  the	  results	   in	  the	  top	  







































Figure	  10.6:	  Top:	  Elbow	  flexion	  moment	  in	  the	  front	  pull-­‐up	  measured	  with	  two	  force	  plates	  for	  Subject	  s7	  (black)	  
and	   s5	   (grey).	   Bottom:	   The	  difference	  of	   these	   solutions	   and	   those	   if	  measured	  with	   one	   force	   plate.	   A	   positive	  
value	  indicates	  a	  more	  positive	  moment	  with	  one	  force	  plate.	  
10.3.2 Lateral	  force	  
The	  effect	  of	   including	   a	   lateral	   force	  of	   3%	  body	  weight	   to	   the	  external	   force	   at	   the	  hand	   is	  
shown	  during	  the	  reverse	  pull-­‐up	  (Figure	  10.7	  and	  Figure	  10.8).	  Note	  that	  due	  to	  gimbal	  lock	  in	  
Subject	  s5	  at	  the	  end	  of	  the	  motion	  the	  results	  are	  only	  displayed	  for	  the	  first	  80%	  of	  the	  pull-­‐
up.	  
The	   inverse	  dynamics	  moments	  are	   larger	   than	   in	   the	   front	  pull-­‐up	   (Figure	  10.7),	  as	  expected	  
from	   the	   results	   in	   Chapter	   9.	   The	   differences	   are	   also	   seen	   to	   be	  more	   significant	   than	   the	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Figure	  10.7:	  Top:	  GH	  inverse	  dynamics	  moments	  in	  the	  reverse	  pull-­‐up	  measured	  with	  two	  force	  plates	  for	  Subject	  
s7	  (black)	  and	  s5	  (grey):	  moments	  around	  x-­‐axis	  (solid	  line),	  around	  y-­‐axis	  (dashed)	  and	  around	  the	  z-­‐axis	  (dotted).	  
Bottom:	   The	   difference	   when	   a	   lateral	   force	   of	   3%	   body	   weight	   is	   included.	   A	   positive	   value	   indicates	   a	   more	  
positive	  moment	  with	  a	  lateral	  force	  included.	  
	  
Figure	  10.8:	  Elbow	  flexion	  moment	  in	  the	  reverse	  pull-­‐up	  measured	  with	  two	  force	  plates	  for	  Subject	  s7	  (black)	  and	  
































































10.4.1 Anterior/posterior	  force	  
The	  methodology	   used	   in	  measuring	   the	   vertical	   and	   anterior/posterior	   force	   is	   shown	   to	   be	  
very	   similar	   to	   the	   use	   of	   two	   force	   plates	   underneath	   the	   pull-­‐up	   frame.	   The	   change	   in	  
magnitude	  was	  seen	  to	  be	  small	  at	  an	  average	  of	  around	  0.5%	  body	  weight	  (Figure	  10.3),	  as	  was	  
the	   effect	   on	   the	   GH	   moments	   peaking	   at	   around	   3.5Nm	   (Figure	   10.5).	   This	   change	   in	   GH	  
moment	  will	  cause	  a	  change	  in	  the	  muscle	  activation,	  but	  given	  that	  these	  moments	  are	  peaking	  
at	   around	  50Nm	   in	   the	   front	  pull-­‐up	  and	  more	   in	   the	   reverse	   this	   change	   should	  not	   cause	  a	  
profound	  change	  in	  the	  general	  recruitment	  patterns	  presented	  in	  Chapter	  9.	  
The	  changes	  at	  the	  elbow	  seem	  to	  be	  particularly	  consistent	  (Figure	  10.6).	  The	  important	  change	  
that	  this	  moment	  will	  have	  is	  on	  the	  activation	  of	  the	  elbow	  flexors	  or	  extensors.	  
10.4.2 Lateral	  force	  
The	  effect	  of	  lateral	  force	  at	  the	  hand	  is	  difficult	  to	  determine.	  Although	  there	  is	  literature	  which	  
presents	  measured	  hand	   forces	  at	   an	   instrumented	  handle	   (Runciman,	  1993)	   this	  work	   is	  not	  
clear	  about	  the	  positioning	  of	  the	  hands.	  The	  only	  image	  that	  pertains	  to	  this	  information	  shows	  
a	  very	  wide	  positioning	  of	  the	  hands	  relative	  to	  the	  reverse	  pull-­‐up	  here	  (Figure	  10.9	  right).	  The	  
lateral	  forces	  measured	  in	  that	  study	  were	  directed	  medially	  i.e.	  the	  hands	  pulling	  towards	  the	  
centre	  of	  the	  body.	  However,	  this	  seems	  a	  very	  unlikely	  scenario	  in	  the	  reverse	  pull-­‐up	  studied	  
here	  given	  the	  medial	  position	  of	  the	  hands	  (Figure	  10.9	  left).	  
	  	  	  	  	  	   	  
Figure	  10.9:	  Hand	  position	  during	  the	  reverse	  pull-­‐up	  in	  this	  study	  (left)	  and	  Runciman	  et.	  al.	  (1993;	  right).	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The	   choice	   of	   a	   lateral	   force	   component	   of	   3%	  was	   chosen	   as	   half	   the	   average	  medial	   force	  
component	  in	  the	  study	  of	  Runciman	  (1993).	  This	  may	  seem	  somewhat	  arbitrary	  but	  the	  use	  of	  
the	   average	   force	   in	   that	   study	   seems	  unrealistic	   since	   their	  wide	  position	   is	   likely	   to	   lead	   to	  
considerably	   higher	   force	   components	   in	   the	   lateral	   direction.	   The	   process	   of	   analysing	   the	  
effect	  of	  a	  change	  to	  this	  parameter	  is	  useful	  in	  itself	  without	  that	  value	  being	  the	  true	  figure.	  
This	   lateral	   component	   causes	   fairly	   significant	   changes	   to	   the	   moments	   at	   the	   GH	   joint,	  
particularly	   around	   the	   abduction	   axis	   and	   the	   long	   axis	   of	   the	   humerus	   (Figure	   10.7).	   It	   is	  
therefore	  a	  significant	  limitation	  of	  the	  methodology	  in	  this	  thesis	  that	  the	  lateral	  force	  was	  not	  
measured	  or	  included	  in	  modelling.	  In	  the	  front	  and	  reverse	  pull-­‐ups	  the	  hands	  and	  the	  GH	  joint	  
centre	  are	  well	  aligned	  in	  a	  plane	  parallel	  to	  the	  sagittal	  (Figure	  10.9).	  This	  may	  mean	  that	  the	  
lateral	   component	   of	   the	   force	   is	   reduced	   to	   minimise	   the	   moments	   around	   the	   GH	   joint.	  
However,	   there	   is	   also	   likely	   to	   be	   a	   balance	   struck,	   since	   reducing	   the	   required	  moments	   at	  
joints	   like	   the	   elbow	   will	   also	   reduce	   the	   overall	   physiological	   energy	   cost,	   although	   the	  
moments	  at	  the	  GH	  joint	  are	  generally	  the	  largest	  (Chapter	  9).	  
It	  was	  suggested	  that	  the	  muscle	  forces	  in	  the	  reverse	  pull-­‐up	  could	  be	  particularly	  high	  partly	  
because	  of	  the	   lack	  of	  consideration	  of	  a	   lateral	  force	  component.	  However,	   it	  seems	  that	  the	  
overall	  magnitude	  of	  the	  moments	  around	  the	  GH	  joint	  in	  this	  pull-­‐up	  are	  fairly	  consistent	  with	  
or	  without	  the	  lateral	  force.	  
The	   effect	   of	   the	   lateral	   force	   around	   the	   flexion/extension	   axis	   of	   the	   humerus	   is	   small	   as	  
compared	  to	  the	  required	  moment	  (below	  5%)	  in	  the	  reverse	  pull-­‐up	  for	  both	  subjects	  (Figure	  
10.7).	  The	  moments	  required	  about	  this	  axis	  are	  the	  largest	  at	  the	  GH	  joint.	  However,	  the	  effect	  
around	  the	  ab/adduction	  plane	  is	  less	  clear	  –	  being	  around	  16%	  for	  one	  subject	  and	  a	  change	  of	  
up	   to	   15Nm	   in	   the	   other.	   The	   differences	   around	   the	   long	   axis	   of	   the	   humerus	   also	   differ	  
between	  the	  subjects	  and	  are	  fairly	  large	  relative	  to	  the	  moment	  magnitude.	  Further	  analysis	  of	  
the	  effects	  of	  this	  force	  on	  the	  front	  and	  wide	  pull-­‐ups	  is	  suggested	  for	  future	  work.	  The	  changes	  
beyond	   50%	   of	   the	   motion	   are	   also	   seen	   to	   be	   relatively	   small	   in	   both	   percentage	   and	  
magnitude	  terms.	  
The	  exclusion	  of	  this	  force	  is	  thus	  a	  significant	  limitation	  and	  it	  is	  recommended	  that	  future	  work	  
take	  this	  parameter	  into	  account.	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10.4.3 General	  comments	  
The	   measurement	   of	   the	   position	   of	   the	   bar	   and	   then	   the	   inclusion	   of	   that	   into	   an	   inverse	  
kinematics	  routine	  could	  have	  been	  useful.	  However,	  with	  scaled	  segment	  lengths	  this	  is	  difficult	  
to	  undertake.	  The	  use	  of	  this	  technique	  distal	  to	  the	  GH	  joint	  showed	  very	  little	  effect.	  
The	   use	   of	   force	   plates	   on	   the	   ground	   leads	   to	   a	   high	   inherent	   sensitivity	   in	   the	   system.	  
Measurement	  of	  the	  hand	  forces	  with	  an	  instrumented	  handle	  such	  as	  that	   in	  the	  literature	  is	  
recommended	   for	   future	   studies.	  However,	   the	   current	  measurements	   give	   a	   good	   indication	  
for	   the	   general	   patterns	   in	   muscle	   recruitment	   and	   allow	   a	   comparison	   of	   inter-­‐subject	  
variations	  in	  kinematics	  and	  their	  effect	  of	  muscle	  recruitment.	  
10.5 Conclusions	  
− The	   measurement	   methods	   used	   to	   find	   the	   external	   force	   at	   the	   hand	   have	   been	  
shown	  to	  be	  similar	  to	  measurements	  with	  multiple	  force	  plates.	  
− The	   influence	   of	   a	   small	   lateral	   force	   at	   the	   hand	   is	   significant,	   particularly	   at	   the	  GH	  
joint.	  Measurement	  of	  this	  parameter	  is	  therefore	  recommended	  in	  future	  studies.	  







Chapter	  11 	  
Conclusions	  and	  Future	  Work	  
	  
	  
This	  chapter	  summarises	  the	  findings	  of	  the	  thesis	  and	  then	  goes	  on	  to	  recommend	  future	  work	  
in	  the	  areas	  of	  kinematics	  and	  modelling,	  both	  in	  terms	  of	  the	  detail	  of	  the	  thesis,	  but	  also	  more	  




A	   skin-­‐fixed	   methodology	   was	   presented	   to	   measure	   scapula	   kinematics	   during	   dynamic	  
activities.	  In	  comparison	  with	  another	  skin-­‐fixed	  method	  it	  showed	  significantly	  reduced	  errors.	  
The	  position	  of	  calibration	  with	  the	  scapula	  landmarks	  was	  also	  seen	  to	  be	  key	  to	  measurement	  
accuracy;	  a	  mid-­‐position	  in	  the	  motion	  was	  found	  to	  be	  optimal.	  
The	  methodology	  described	  was	  applied	  to	  three	  types	  of	  pull-­‐ups;	  chosen	  as	  a	  commonly	  used	  
high-­‐loading	  training	  activity	  covering	  the	  full	  range	  of	  motion,	  which	  many	  people	  are	  not	  able	  
to	   perform.	   The	   kinematics	   of	   the	   scapula	   in	   these	   activities	   represents	   a	   novel	   dataset	  
describing	   the	   shoulder	   complex	  during	   three	  pull-­‐up	  motions.	   Intra-­‐subject	   repeatability	  was	  
shown	  to	  be	  very	  good	  and	  similar	  patterns	  emerged	  within	  the	  subjects	  tested,	  although	  there	  
were	   significant	   inter-­‐subject	   offsets.	   Subjects	   with	   increased	   scapula	   and	   humeral	   internal	  
rotation	   have	   been	   highlighted	   as	   potentially	   more	   at	   risk	   from	   impingement-­‐type	   injuries,	  
particularly	  at	  high	  arm	  elevation	  angles.	  Regression	  methods	  have	  been	  shown	  to	  be	  unsuitable	  
for	  predicting	  scapula	  kinematics	  during	  these	  activities.	  Significant	  differences	  were	  shown	  to	  
exist	   between	   the	   kinematics	   of	   the	   upper	   limb	   with	   different	   pull-­‐up	   techniques,	   and	   thus	  
different	  muscle	  recruitment	  strategies	  may	  be	  used.	  
An	   existing	   musculoskeletal	   model	   was	   further	   developed	   to	   allow	   the	   prediction	   of	   muscle	  
forces	  from	  this	  kinematics	  data.	  A	  methodology	  utilising	  the	  palpated	  scapula	  kinematics	  was	  
used	   to	   apply	   a	   correction	   factor	   to	   the	   shape	   of	   the	   thorax.	   This	   is	   in	   conjunction	   with	   a	  
relaxation	  of	  the	  kinematics	  constraints	  allows	  a	  continuous	  kinematics	  solution	  to	  be	  found	  as	  
well	  as	  closer	  agreement	  with	  measured	  kinematics	  compared	   to	  previous	  standard	  methods.	  
However,	  significant	  separation	  of	  the	  medial	  border	  of	  the	  scapula	  from	  the	  thorax	  was	  found.	  
This	  may	  be	  caused	  by	  the	  large	  force	  at	  the	  hand	  acting	  to	  pull	  the	  scapula	  off	  the	  top	  of	  the	  
thorax	  ellipse,	  or	  the	  posteriorly	  tilted	  thorax	  pressing	  the	  inferior	  scapula	  into	  the	  rib	  cage	  and	  
pulling	   the	   superior	   portion	   away.	   Measurement	   and	   scaling	   errors	   will	   also	   contribute	   to	  
problems	  with	  scapula	  kinematics.	  Sensitivity	  to	  scapula	  kinematics	  was	  demonstrated	  through	  
proportional	   changes	   in	   key	   muscles	   being	   of	   a	   similar	   order	   to	   the	   average	   proportional	  
changes	   in	   shoulder	   joint	   kinematics	   introduced	   through	   the	   absence	   of	   a	   constraint	   on	   the	  
conoid	  ligament.	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Via-­‐points	  had	  to	  be	  applied	  with	  multi-­‐object	  muscle	  wrapping	  to	  correct	  serious	  errors	  in	  the	  
muscle	   paths	   at	   the	   extremes	   of	   the	   range	   of	  motion.	   These	  moment	   arms	   have	   then	   been	  
compared	  to	  the	   in	  vivo	  actions	  of	  muscles	  reported	  in	  the	  literature	  with	  encouraging	  results.	  
The	   use	   of	   unbounded	   muscle	   forces	   in	   the	   model	   simulation	   has	   been	   justified	   with	   a	  
comparison	  to	  other	  model’s	  upper	  bounds	  where	  the	  source	  subject	  is	  more	  appropriate,	  and	  
with	  a	  discussion	  of	   the	   risks	   in	   applying	   inappropriate	   and	   low	  upper	  bounds.	   The	  effects	  of	  
muscle	  bounds	  and	  thus	  subject	  specific	  muscle	  weaknesses	  have	  been	  explored	  through	  two	  
examples	  in	  the	  wide	  and	  reverse	  pull-­‐up.	  These	  examples	  suggested	  that	  a	  strengthening	  of	  the	  
deltoid	  and	   teres	  major	  might	  be	   important	   in	   reducing	  energy	   required	   to	  perform	  a	  pull-­‐up	  
and	  possibly	  injury	  risks,	  as	  well	  as	  illustrating	  the	  sensitivity	  to	  arbitrary	  muscle	  upper	  bounds.	  
A	   test	   of	   the	  methodology	   to	   determine	   the	   external	   force	   at	   the	   hand	   was	   performed	   and	  
found	   to	   be	   suitable	   in	   determining	   the	   vertical	   and	   anterior/posterior	   force.	   However,	   the	  
lateral	  force	  that	  was	  not	  considered	  seemed	  to	  induce	  more	  sensitivity.	  No	  data	  is	  available	  for	  
the	   lateral	   force	   in	  the	  pull-­‐ups	  tested	  and	  thus	  the	  effect	   is	  difficult	   to	  quantify,	  but	   it	  seems	  
that	  the	  	  
The	   predicted	   muscle	   forces	   in	   three	   types	   of	   pull-­‐up	   were	   presented,	   with	   each	   showing	  
marked	   differences	   in	   recruitment	   patterns.	   This	   was	   particularly	   clear	   in	   the	   wide	   pull-­‐up	  
where	  a	  reduced	  activation	  in	  the	  rotator	  cuff	  coincided	  with	  less	  stability	  at	  the	  GH	  joint.	  The	  
motion	  was	  also	  seen	  to	  have	  significantly	  less	  eccentric	  muscle	  contractions,	  whereas	  the	  front	  
and	   reverse	   pull-­‐ups	   had	   fairly	   high	   level	   of	   activation	   in	   supraspinatus,	   middle	   deltoid	   and	  
triceps	  brachii	   during	  muscle	   lengthening.	   This	   type	  of	   activation	   can	   lead	   to	   injury	   and	   rapid	  
fatigue,	  which	  in	  turn	  could	  effect	  muscle	  recruitment	  as	  well	  as	  joint	  stability	  and	  impingement	  
risk.	  Stability	  at	  the	  GH	  joint	  was	  analysed	  and,	  although	  on	  a	  general	  level	  a	  relative	  increase	  in	  
rotator	  cuff	  activation	  seemed	  to	  have	  a	  link	  with	  greater	  joint	  stability,	  these	  muscles	  were	  not	  
generally	   the	  key	  stabilisers.	  Teres	  major	  and	   the	  posterior	  deltoid	  were	   favoured,	  along	  with	  
some	  role	  for	  subscapularis	  and	  triceps	  and	  biceps	  long	  heads.	  Pectoralis	  major	  was	  a	  significant	  
detriment	   to	   stability,	   highlighting	   the	   importance	   of	   the	   scapula	   in	   positioning	   the	   muscles	  
during	  overhead	  activities.	   Comparison	  of	  model	  predictions	  of	   the	   reverse	  pull-­‐up	  with	  EMG	  




11.1 Discussion	  of	  Future	  Work	  
The	   studies	   in	   this	   thesis	   highlighted	   a	   number	   of	   areas	   for	   future	   work,	   and	   these	   are	  
summarised	  here.	  
Validation	   of	   the	   skin-­‐fixed	   scapula	   tracking	   methodologies	   presented	   with	   bi-­‐planar	  
fluoroscopy	  (Bey	  et	  al.,	  2006)	  in	  dynamic	  movements	  would	  be	  valuable.	  Bone	  pin	  studies	  are	  a	  
good	   contribution	   to	   validation	   of	   the	   methods	   but	   there	   are	   a	   number	   of	   questions	   about	  
restrictions	  to	  movement	  and	  the	  use	  of	  anaesthetics.	  In	  future	  validation	  studies	  gold	  standard	  
skin-­‐fixed	   methods	   should	   be	   used,	   such	   as	   the	   two	   methods	   described	   in	   Chapter	   5,	   in	  
combination	  with	  well-­‐validated	  imaging	  techniques.	  
It	  was	  shown	  in	  Chapter	  5	  that	  calibration	  at	  specific	  points	  gives	  a	  significant	  improvement	  in	  
measurement	  accuracy.	  The	  use	  of	  multiple	  digitisation	  positions	  throughout	  a	  motion	  was	  also	  
shown	  to	  significantly	  increase	  average	  measurement	  accuracy,	  although	  with	  discrete	  changes.	  
This	  is	  similar	  to	  double-­‐calibration	  methods	  presented	  in	  the	  literature	  that	  have	  been	  shown	  
to	  be	  effective	  (Brochard,	  Lempereur	  &	  Remy-­‐Neris,	  2011).	  Further	  development	  that	  allowed	  
interpolation	   between	   these	   calibration	   positions	   with	   the	   scapula	   Palpator	   could	   provide	   a	  
significant	  improvement	  in	  measurement	  accuracy	  of	  the	  clinically	  practical	  skin-­‐fixed	  methods	  
presented.	  
Clavicle	  axial	   rotation	   is	   something	   that	   sees	   little	  attention	   in	   the	  kinematics	   literature	  but	   is	  
the	   subject	   of	   significant	   discussion	   in	   musculoskeletal	   modelling.	   The	   first	   step	   in	   future	  
modelling	  of	  this	  rotation	  should	  be	  to	  ascertain	  the	  sensitivity	  of	  models	  to	  this	  parameter.	  The	  
method	   used	   here	   took	   the	   conoid	   to	   have	   a	   constant	   strain	   that	   did	   not	   affect	   kinematics.	  
Whilst	   there	   are	   limitations	   to	   this	   method	   it	   has	   the	   advantage	   that	   difficult-­‐to-­‐measure	  
kinematics	  and	  generically	  scaled	  dimensions	  are	  not	  used	  to	  drive	  the	  forces	  generated	  in	  this	  
ligament	   or	   the	   scapula	   kinematics.	   Novel	   measurement	   techniques	   would	   be	   useful	   in	   this	  
area,	  with	  ultrasound	  a	  remote	  possibility	  (Chapter	  3).	  
Intra-­‐subject	  repeatability	  of	  the	  skin-­‐fixed	  scapula	  tracking	  method	  in	  the	  measurement	  of	  pull-­‐
up	   kinematics	   appears	   to	   be	   sensible	   and	   in	   line	   with	   other	   inter-­‐trial	   differences	   in	   the	  
literature.	  This	  is	  in	  agreement	  with	  preliminary	  findings	  in	  the	  literature	  (Shorter	  et	  al.,	  2010).	  
However,	   inter-­‐subject	   variations	   remain	   large	   which	   appears	   to	   highlight	   the	   differences	   in	  
subject’s	   anatomy	   as	   well	   as	   in	   their	   movement	   strategies.	   The	   link	   between	   anatomical	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differences	  and	  athletic	  performance	  is	  established	  in	  the	  literature	  for	  the	  lower	  limb	  and	  so	  it	  
seems	  reasonable	  to	  assume	  this	  applies	  to	  the	  upper	   limb	  as	  well.	  The	  importance	  of	  subject	  
specific	  modelling	   is	   thus	   highlighted,	   and	   the	   inclusion	   of	   subject-­‐specific	   scapula	   kinematics	  
and	  geometry	  in	  future	  models	  appears	  to	  be	  important.	  
The	  measured	  upper	   limb	  kinematics	  was	  included	  in	  a	  model	  of	  the	  upper	   limb	  in	  this	  thesis,	  
with	  a	  number	  of	  changes	  to	  the	  model	  methods.	  A	  discussion	  of	  the	  kinematics	  optimisation	  is	  
closely	   linked	   to	   the	   definition	   of	   the	   thorax	   shape.	   The	   kinematics	   optimisation	   procedure	  
presented	   here	   attempts	   to	   give	   more	   credence	   to	   the	   measured	   scapula	   kinematics,	   and	  
perhaps	  less	  to	  the	  shape	  of	  the	  thorax.	  This	  approach	  is	  somewhat	  validated	  by	  the	  significant	  
effect	   that	   the	   scapula	   kinematics	   differences	   have	   on	   the	   predicted	   muscle	   forces	   with	  
different	  kinematics.	  However,	  the	  lack	  of	  knowledge	  about	  the	  separation	  between	  the	  scapula	  
and	   the	   thorax	   is	   a	   significant	   limitation	   to	   the	   discussion	   of	   these	   methods.	   A	   study	   that	  
determined	  this	  separation	  would	  be	  of	  significant	  value	  in	  this	  area,	  particularly	  at	  high	  angles	  
of	   elevation	   and	   ideally	   under	   loaded	   conditions	   since	   this	   is	   a	   common	   situation	   in	   which	  
injuries	  occur.	  
The	  use	  of	  scapula	  kinematics	  to	  define	  a	  correction	  factor	  to	  the	  STGP	  was	  used.	  The	  use	  of	  a	  
single	  ellipse,	  as	  opposed	  to	  the	  two	  used	  in	  the	  NSM,	  should	  be	  considered	  in	  future	  work	  since	  
this	  method	  allows	  a	  more	  robust	  scaling	  of	  the	  thorax	  ellipse	  based	  on	  palpatable	  landmarks.	  
However,	  the	  use	  of	  palpated	  kinematics	  to	  test	  the	  validity	  of	  this	  constraint	  would	  be	  valuable,	  
as	  well	  as	  in	  refining	  the	  shape	  used.	  
Functional	   joint	   centres	   would	   be	   useful	   to	   define	   all	   joints	   in	   the	   upper	   limb,	   particularly	  
extending	   this	   to	   the	   SC,	  AC	   and	  elbow	   joints.	  However,	   the	  determination	  of	   the	   SC	   and	  AC	  
centres	  may	  present	  a	  significant	  challenge.	  This	  definition	  of	  joint	  centres	  would	  also	  allow	  the	  
more	   robust	   use	   of	   inverse	   kinematics	   techniques	   such	   as	   described	   in	   the	   literature	   (Lu	   &	  
O'Connor,	   1999).	   Although	   an	   alternative	   method	   of	   defining	   elbow	   rotations	   has	   been	  
described	   in	   the	   ISB	   recommendations	  using	   the	   forearm	  coordinate	   frame	   (Wu	  et	  al.,	   2005),	  
this	  method	   is	   susceptible	   to	  changes	  based	  on	   the	  carrying	  angle	  of	   the	  elbow	  and	  may	  also	  
struggle	   at	   the	   extremes	   of	   elbow	   extension	   with	   alignment	   of	   the	   axes.	   Thus	   the	   use	   of	  
functional	  axes	  at	  this	  joint	  may	  have	  a	  particularly	  significant	  effect	  on	  the	  force	  application	  for	  
activities	  like	  the	  pull-­‐up.	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The	  high	  joint	  moments	  required	  in	  the	  pull-­‐up	  activities	  studied	  necessitated	  an	  increase	  in	  the	  
muscle	  force	  upper	  bounds,	  in	  this	  case	  they	  were	  unbounded.	  However,	  the	  effect	  of	  different	  
bounds	  was	  shown	  to	  be	  important	  in	  activities	  like	  this	  where	  the	  maximal	  muscle	  output	  may	  
be	  approached,	  although	  the	  notion	  of	  individual	  subject’s	  maximal	  output	  is	  poorly	  understood	  
both	   in	   terms	   of	   the	   relationship	   between	   muscle	   volume	   and	   force	   generation	   and	   in	   the	  
scaling	  of	  model	  parameters.	  Thus	   future	  work	   is	   required	   to	  determine	   the	  upper	  bounds	  of	  
the	   muscle	   forces.	   One	   method	   utilising	   standard	   experiments	   (as	   opposed	   to	   the	   use	   of	  
extensive	   imaging)	   seem	   promising.	   With	   the	   use	   of	   a	   technique	   currently	   in	   development	  
subjects	   can	   be	   scanned	   with	   a	   laser	   to	   determine	   the	   shape	   of	   the	   limb	   using	   inexpensive	  
equipment.	   This	   shape	   information	   can	   then	   be	   used	   in	   conjunction	  with	   detailed	   studies	   of	  
muscle	  PCSA	  distribution	  to	  predict	  a	  maximal	  output.	  
The	   neural	   links	   between	   muscles	   have	   seen	   little	   consideration	   in	   inverse	   dynamics	  
musculoskeletal	  models.	  The	  idea	  that	  some	  muscles	  are	  activated	  at	  the	  same	  time	  because	  of	  
physiology	  would	  be	  an	  interesting	  one	  to	  investigate.	  This	  may	  have	  particular	  implication	  for	  
joint	  stability.	  
Modelling	  the	  pull-­‐up	  has	  proved	  to	  be	  a	  significant	  challenge,	  since	  it	  places	  the	  model	  at	  the	  
extreme	  ranges	  of	  motion	  and	  requires	  a	  considerable	  power	  output.	  Whilst	  these	  activities	  may	  
not	   be	   of	   direct	   clinical	   utility	   it	   seems	   that	   the	  modelling	   of	   them	   can	   provide	   an	   excellent	  
opportunity	  to	  test	  the	  limits	  of	  the	  modelling	  techniques.	  One	  example	  of	  this	  might	  be	  the	  GH	  
joint	  reaction	  force	  constraint.	  The	  results	  presented	  in	  Chapter	  9	  show	  a	  force	  locus	  that	  is	  at	  
the	   very	  edge	  of	   the	  glenoid	   for	  15-­‐20%	  of	   the	  motion,	  whilst	   experiencing	   forces	   at	   a	   single	  
hand	  of	   up	   to	   500N.	   This	   highlights	   the	   key	   role	   of	   particular	  muscles	   like	   the	   rotator	   cuff	   in	  
providing	  this	  stability,	  but	  also	   less	  discussed	  muscles	   like	  the	  biceps,	  triceps	  and	  teres	  major	  
may	  also	  have	  important	  roles	  in	  providing	  this	  stability	  (Section	  9.4.2b).	  It	  also	  suggests	  that	  the	  
use	   of	   a	   soft-­‐constraint	   stability	   model	   would	   be	   an	   interesting	   future	   development,	   where	  
approaching	   the	   edge	   of	   the	   glenohumeral	   joint	   comes	   with	   an	   increasing	   penalty	   in	   the	  
optimisation	   cost-­‐function.	   The	   upper	   bounds	   of	   the	   muscle	   forces	   are	   also	   an	   area	   that	   is	  
tested	  with	  an	  examination	  of	   these	  extreme	  activities;	   the	  future	  directions	   in	  this	  area	  have	  
been	  discussed.	  
Scapula	  kinematics	  was	  focussed	  on	  and	  the	  sensitivity	  of	  model	  predictions	  was	  shown	  to	  be	  
relatively	  high	  in	  response	  to	  small	  perturbations	  in	  these.	  However,	  future	  work	  could	  take	  this	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further	  and	  undertake	  a	  detailed	  analysis	  of	  individual	  joint	  rotation	  perturbations.	  The	  different	  
muscle	  recruitments	  seen	  in	  the	  three	  types	  of	  pull-­‐up	  were	  also	  related	  to	  changes	  in	  scapula	  
kinematics,	   with	   specific	   kinematics	   differences	   discussed	   in	   small	   groups	   or	   individuals.	   The	  
consideration	  of	  anatomical	  differences,	  particularly	  in	  the	  scapula	  shape	  and	  the	  glenohumeral	  
head	  may	  be	  key	  here	  and	  future	  work	  should	  seek	  to	  incorporate	  these	  considerations.	  
The	  model	   predictions	   for	  muscle	   forces	   are	   positive	   since	   they	   seem	   to	   describe	   a	   sensible	  
pattern	  of	  muscle	  actuations	  that	  fit	  with	  accepted	  muscle	  functions	  across	  the	  range	  of	  motion	  
(Ackland	  &	  Pandy,	  2011,	  Ackland	  &	  Pandy,	  2009,	  Ackland	  et	  al.,	   2008,	  Kapandji,	  1982).	  When	  
the	  muscle	  forces	  are	  considered	  in	  terms	  of	  injury	  risk	  it	  appears	  that	  the	  wide	  pull-­‐up	  subjects	  
the	  muscles	   to	   less	  eccentric	   loading	  as	  well	   as	  using	   the	  elbow	  muscles	   and	   the	   rotator	   cuff	  
less,	  which	  are	  area	  particularly	  prone	  to	  injury	  in	  these	  activities.	  However,	  this	  activity	  seems	  
to	  be	  the	  least	  stable	  at	  the	  GH	  joint	  and	  so	  introduction	  of	  stricter	  constraints	  there	  may	  alter	  
this	  favourable	  recruitment.	  Additionally	  this	  motion	  was	  seen	  to	  have	  specific	  kinematics	  that	  
may	  put	  the	  rotator	  cuff	  at	  risk.	  	  
The	  supraspinatus,	  middle	  deltoid	  and	  triceps	  were	  particularly	  susceptible	  to	  eccentric	  loading	  
during	  the	  front	  and	  reverse	  pull-­‐ups.	  Future	  work	  looking	  into	  the	  effects	  of	  fatigue	  or	  injury,	  
using	  musculoskeletal	  models	  would	   be	   very	   useful	   in	   this	   area.	   A	  weakness	   or	   injury	   in	   the	  
supraspinatus,	   perhaps	   resulting	   from	   the	   eccentric	   loading	   that	   it	   was	   predicted	   that	   it	   is	  
subjected	   to,	  would	  be	   a	   good	   starting	  point.	  An	  expansion	   in	   the	  number	  of	   subjects	   in	   this	  
pull-­‐up	  study	  would	  be	  useful	  to	  look	  at	  the	  trends	  that	  have	  been	  discussed.	  
11.2 Study	  limitations	  
The	  kinematics	  study	  did	  (Chapter	  5)	  not	  present	  motions	  other	  than	  scapula	  plane	  abduction.	  
This	  limits	  the	  scope	  of	  the	  study,	  although	  findings	  in	  the	  literature	  indicate	  that	  the	  differences	  
in	  measurement	  accuracy	  between	  planes	  may	  not	  be	  particularly	  large	  (Karduna	  et	  al.,	  2001).	  
Data	  was	  collected	  in	  eight	  subjects	  performing	  forward	  flexion	  and	  it	  is	  intended	  to	  expand	  this	  
study	   to	   those	   trials	   in	   the	   future.	  A	   range	  of	  different	   speeds	  was	  also	   tested,	  with	  a	   tightly	  
controlled	  plane	  of	  elevation,	  to	  determining	  the	  effects	  on	  scapula	  kinematics.	  This	  is	  another	  
study	  to	  be	  presented	  in	  the	  future.	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The	  expansion	  of	  the	  work	  to	  include	  the	  optimal	  calibrations	  for	  the	  AC	  joint	  centre	  would	  also	  
be	   valuable,	   as	   the	   moment	   arms	   of	   muscles	   like	   pectoralis	   major	   appear	   to	   have	   some	  
sensitivity	  to	  the	  clavicle	  rotations	  (Chapter	  7).	  
Maximal	  extension	  of	   the	  GH	   joint,	  where	   the	  humerus	  moves	  posterior	   to	   the	   thorax,	   is	  one	  
particular	  position	  that	  was	  not	  presented	  in	  this	  study	  (Chapter	  5)	  and	  has	  seen	  little	  research.	  
This	  position	   is	  of	   some	   importance	   in	   the	  pull-­‐ups,	  but	  would	  be	   crucial	   in	   a	  whole	   range	  of	  
activities:	   wheelchair	   propulsion,	   weight	   relief	   in	   wheelchair	   bound	   people,	   the	   triceps	   dip	  
exercise	  (common	  gym	  training	  activity),	  sit	  to	  stand	  and	  perennial	  care.	  	  
The	  lack	  of	  consideration	  for	  activation	  dynamics	  of	  the	  muscles	  as	  well	  as	  the	  effects	  of	  velocity	  
and	  length	  was	  a	  limitation	  to	  the	  modelling	  work.	  The	  effects	  of	  muscle	  velocity	  were	  seen	  to	  
be	   small	   in	   preliminary	   studies	   in	   the	   NSM,	   and	   the	   effect	   of	   activation	   dynamics	   has	   been	  
shown	   to	   be	   relatively	   small	   in	   the	   lower	   limb	   (Anderson	   &	   Pandy,	   2001).	   However,	   the	  
influence	  of	  length	  may	  be	  more	  significant,	  particularly	  at	  the	  highest	  levels	  of	  arm	  elevation.	  
The	  reasons	  for	  not	  considering	  this	  relationship	  was	  discussed	  as	  uncertainty	  over	  parameters	  
like	  optimal	  fibre	  length	  as	  well	  as	  difficulties	  in	  scaling	  these	  parameters.	  	  
The	   use	   of	   via	   points	   in	   the	   wrapping	   of	   the	  muscles	   is	   another	   limitation,	   although	  muscle	  
actions	  did	  show	  fairly	  good	  agreement	  with	  the	  literature	  descriptions	  (Ackland	  &	  Pandy,	  2011,	  
Ackland	   &	   Pandy,	   2009,	   Ackland	   et	   al.,	   2008).	   Use	   of	   a	   multi-­‐object,	   energy	   based	   method	  
considering	  the	  physiological	  links	  between	  muscle	  fibres	  is	  recommended	  and	  is	  on-­‐going	  work	  
in	  the	  NSM	  (Marsden,	  Swailes	  &	  Johnson,	  2008b,	  Marsden	  &	  Swailes,	  2008).	  
Presentation	  of	  an	  unbounded	  muscle	  solution	  was	  justified	  by	  the	  fact	  that	  it	  provides	  the	  ideal	  
activation	   pattern	   and	   thus	   gives	   useful	   information	   about	   training	   aims	   and	   avoids	   the	  
sensitivity	   associated	   with	   relatively	   arbitrary	   bounds.	   However,	   this	   consideration	   is	   not	  
physiological	  because	  people	  cannot	  produce	  infinite	  forces	  in	  their	  muscles	  and	  the	  imposition	  
of	  bounds	  was	  shown	  to	  have	  a	  significant	  effect	  on	  the	  muscle	  recruitment	  (Chapter	  8).	  	  
Much	  of	  the	  anatomical	  variability	  hasn’t	  been	  captured	  in	  the	  model	  used	  in	  this	  thesis.	  Small	  
changes	   in	  moment	   arms	  were	   shown	   to	   have	   significant	   effects	   on	  muscle	   recruitment	   and	  
activation	  levels,	  both	  in	  this	  thesis	  (Chapter	  7)	  and	  elsewhere	  (Garner	  &	  Pandy,	  2001).	   It	  may	  
be	  that	  individuals	  have	  optimised	  moment	  arms	  for	  their	  kinetics/kinematics,	  or	  vice	  versa,	  and	  
so	   the	   actual	  muscle	   loads	   could	  be	   less	   variable,	   or	   particular	   anatomies	  may	   favour	   certain	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athletic	   performance	   goals.	   Future	  work	  with	   highly	   subject-­‐specific	  modelling	   could	   examine	  
these	  effects,	  and	  cadaver	  studies	  could	  also	  have	  a	  role	  in	  identifying	  these	  effects.	  
Scapula	  shape	  was	  highlighted	  as	  being	  important	  in	  subject-­‐specific	  modelling	  because	  without	  
a	   good	   understanding	   of	   the	   shape	   of	   this	   bone	   it	   is	   very	   difficult	   to	   apply	   the	   measured	  
kinematics,	   whether	   the	  model	   is	   being	   scaled	   homogeneously	   or	   not	   at	   all.	   One	   of	   the	   key	  
challenges	  is	  the	  scaling	  of	  the	  muscle	  and	  ligament	  attachments	  to	  this	  bone.	  Statistical	  shape	  
modelling	  may	  have	  a	  role	  to	  play	  here	  with	  the	  measurement	  of	  a	  number	  of	  points	  over	  the	  
surface	  of	   the	  scapula	  used	  to	  define	  a	  new	  shape.	  Ligaments	  are	  currently	  sensitive	   to	   these	  
scaling	   parameters.	   Although	   the	   ligaments	   were	   not	   seen	   to	   have	   a	   significant	   role	   in	   the	  
provision	   of	  moments	   at	   the	   AC	   and	  GH	   joints	   of	   the	   shoulder	   during	   pull-­‐ups,	   they	  may	   be	  
more	  important	  at	  the	  clavicle	  and	  in	  simple	  activities	  of	  daily	  living.	  However,	  it	  doesn’t	  seem	  
sensible	  for	  these	  scaled	  attachment	  points	  to	  dictate	  the	  kinematics	  of	  the	  whole	  complex	  as	  
they	  appear	  to	  do	  at	  the	  extreme	  ranges	  of	  motion	  in	  some	  subjects	  (Chapter	  8).	  
Although	  there	  are	  limitations	  to	  this	  work,	  the	  model	  simulations	  presented	  were	  able	  to	  find	  
feasible	   solutions	   for	   these	  extreme	  activities.	  The	  general	  patterns	  of	  muscle	   recruitment,	  as	  
well	   as	   the	   smaller	   studies	   looking	   at	   model	   sensitivities	   and	   method	   effects,	   were	   thus	  
discussed.	  
11.3 Broader	  impact	  
With	  an	  ageing	  population	  and	  the	  increasingly	  competitive	  and	  professional	  world	  of	  sports	  the	  
utility	  of	  upper	  limb	  predictive	  tools	  like	  musculoskeletal	  models	  is	  growing;	  from	  the	  prediction	  
of	   implant	   loading	   in	  more	  active	  patients	  to	  training	  and	  equipment	  design	  for	  elite	  athletes.	  
The	   work	   presented	   in	   this	   thesis	   is	   novel	   in	   predicting	   muscle	   and	   joint	   loading	   during	   an	  
extreme	  athletic	  activity,	  using	  a	  complete	  shoulder	  model.	  The	  utility	  of	  these	  models	  as	  a	  tool	  
for	  loading	  prediction	  is	  thus	  highlighted.	  By	  testing	  the	  limits	  of	  current	  modelling	  methods	  the	  
key	   requirements	   for	   future	  work	   in	   this	   area	   are	   discussed.	   The	   effects	   of	   small	   changes	   in	  
parameters	   like	   glenohumeral	   joint	   stability,	   muscle	   bounds	   and	   scapula	   position	   have	   been	  
shown	  to	  have	  significant	  effects	  on	  the	  way	  in	  which	  the	  muscles	  and	  joints	  of	  the	  shoulder	  are	  
loaded.	  Thus	  the	  importance	  of	  subject	  or	  patient	  specificity	  is	  highlighted.	  






Subject	  data	  for	  pull-­‐up	  study	  
	  
This	  appendix	  presents	  the	  subject	  data	  for	  the	  eleven	  subjects	  presented	  in	  Chapters	  6	  and	  9.	  
	  
	   	   Height	   Weight	   Age	   Colour	   	  
	   s1	   1.87	   82.9	   23	   Black	  line	   	  
	   s2	   1.80	   60.6	   22	   Blue	  dash	   	  
	   s3	   1.80	   75.0	   29	   Red	  dash	   	  
	   s4	   1.70	   74.4	   30	   Black	  dash	   	  
	   s5	   1.92	   85.0	   25	   Grey	  line	   	  
	   s6	   1.82	   71.6	   28	   Orange	  line	   	  
	   s7	   1.80	   76.5	   25	   Cyan	  line	   	  
	   s8	   1.83	   76.2	   30	   Pink	  line	   	  
	   s9	   1.68	   56.5	   29	   Yellow	  line	   	  
	   s10	   1.83	   72.8	   26	   Green	  line	   	  
	   s11	   1.78	   74.6	   24	   Blue	  line	   	  
	  
	   	  






Elbow	  and	  Sternoclavicular	  Kinematics	  
	  
This	   appendix	   presents	   the	   elbow	   flexion	   angles	   and	   sternoclavicular	   rotations	   for	   the	   eleven	  














Elbow	   flexion	   angles	   for	   the	   three	   types	   of	   pull-­‐up	   and	   the	   eleven	   subjects	   presented	   in	   this	   thesis.	   Colours	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Scapulothoracic	   (SC)	  upward	   rotation	   for	   three	   types	  of	  pull-­‐up	  and	   the	  eleven	   subjects	  presented	   in	   this	   thesis.	  









































































Percentage	  of	  mo~on	  




Clavicle	   protraction	   around	   SC	   joint	   for	   three	   types	   of	   pull-­‐up	   and	   the	   eleven	   subjects	   presented	   in	   this	   thesis.	  






















































































Reaction	  force	  (x	  component)	  
	  
This	  appendix	  presents	  the	  anterior/posterior	  force	  for	  the	  three	  pull-­‐up	  activities	  in	  the	  eleven	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The	  anterior	  force	  (positive)	  for	  the	  three	  pull-­‐up	  activities	  and	  the	  eleven	  subjects	  presented	  in	  this	  thesis.	  Colours	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This	   appendix	   presents	   the	   physiological	   cross	   sectional	   areas	   of	   all	   the	  muscles	   used	   in	   the	  
modelling	  presented	  in	  this	  thesis	  and	  in	  the	  NSM	  (Charlton,	  2003).	  
	   	  
	  	  372	  
	  
	  	   373	  
	  
The	  physiological	  cross	  sectional	  areas	  (PCSAs)	  of	  all	  the	  muscles	  used	  in	  the	  modelling	  presented	  in	  this	  thesis	  and	  
in	  the	  NSM	  (Charlton,	  2003).	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